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Qrqsdudphwulf Hqjho Fxuyhv dqg Uhyhdohg
Suhihuhqfh
Ulfkdug Eoxqghoo/ Pduwlq Eurzqlqj| dqg Ldq Fudzirug}
Mxo| 4<<;
Devwudfw
Wklv sdshu dssolhv uhyhdohg suhihuhqfh wkhru| wr wkh qrqsdudphwulf vwd0
wlvwlfdo dqdo|vlv ri frqvxphu ghpdqg1 Lw h{sorlwv wkh lghd wkdw sulfh0wdnlqj
lqglylgxdo krxvhkrogv lq wkh vdph pdunhw idfh wkh vdph uhodwlyh sulfhv/ lq
rughu wr vprrwk dfurvv wkh ghpdqgv ri lqglylgxdov iru hdfk frpprq sulfh
uhjlph1 Wklv lv vkrzq wr surylgh d vwrfkdvwlf vwuxfwxuh zlwklq zklfk wr h{0
dplqh wkh frqvlvwhqf| ri krxvhkrog ohyho gdwd dqg uhyhdohg suhihuhqfh wkh0
ru|1 Dq dssolfdwlrq lv pdgh wr d orqj wlph vhulhv ri uhshdwhg furvv0vhfwlrqv
iurp wkh 4<:704<<6 XN Idplo| H{shqglwxuh Vxuyh|v1 Wkh frqvlvwhqf| ri
wklv gdwd zlwk uhyhdohg suhihuhqfh wkhru| lv h{dplqhg1 Zkhuh uhmhfwlrqv
gr rffxu/ vxlwdeoh dgmxvwphqwv wr sulfhv iru txdolw| ru wdvwh fkdqjhv duh
h{soruhg1 Iru shulrgv ri frqvlvwhqf| zlwk uhyhdohg suhihuhqfh erxqgv duh
sodfhg rq wuxh frvw ri olylqj lqglfhv1
Nh|zrugv= Frqvxphu ghpdqgv/ qrqsdudphwulf uhjuhvvlrq/ uhyhdohg
suhihuhqfh1
MHO Fodvvlfdwlrq= F76/ G441
Xqlyhuvlw| Froohjh Orqgrq/ Ghsduwphqw ri Hfrqrplfv/ Jrzhu Vwuhhw/ Orqgrq/ ZF4H 9EW
dqg Lqvwlwxwh iru Ilvfdo Vwxglhv1
|Xqlyhuvlw| ri Frshqkdjhq dqg PfPdvwhu Xqlyhuvlw|1
}Lqvwlwxwh iru Ilvfdo Vwxglhv dqg Xqlyhuvlw| Froohjh Orqgrq1
41 Lqwurgxfwlrq4
Wkh dwwudfwlrq ri uhyhdohg suhihuhqfh wkhru| lv wkdw lw doorzv dq dvvhvvphqw
ri wkh hpslulfdo ydolglw| ri wkh xvxdo lqwhjudelolw| frqglwlrqv zlwkrxw wkh qhhg wr
lpsrvh sduwlfxodu ixqfwlrqdo irupv rq suhihuhqfhv1 Dowkrxjk lqwurgxfhg e| Diuldw
+4<:6, dqg Glhzhuw +4<:6, wr ghvfuleh lqglylgxdo ghpdqgv/ lw kdv xvxdoo| ehhq
dssolhg wr djjuhjdwh gdwd exw wklv suhvhqwv d qxpehu ri sureohpv51 Iluvw/ rq
djjuhjdwh gdwd/ crxwzdug* pryhphqwv ri wkh exgjhw olqh duh riwhq odujh hqrxjk/
dqg uhodwlyh sulfh fkdqjhv duh w|slfdoo| vpdoo hqrxjk/ wkdw exgjhw olqhv uduho| furvv
+vhh Yduldq +4<;5,/ Eurqduv +4<;:, dqg Uxvvhoo +4<<5,,1 Wklv phdqv wkdw djjuhjdwh
gdwd pd| odfn srzhu wr uhmhfw uhyhdohg suhihuhqfh +US, frqglwlrqv1 Vhfrqg/ li zh
gr uhmhfw US frqglwlrqv rq djjuhjdwh gdwd zh kdyh qr zd| ri dvvhvvlqj zkhwkhu wklv
lv gxh wr d idloxuh dw wkh plfur ohyho ru wr wkh lqdssursuldwh djjuhjdwlrq dfurvv
krxvhkrogv wkdw gr vdwlvi| wkh lqwhjudelolw| frqglwlrqv exw zkr kdyh glhuhqw
qrq0krprwkhwlf suhihuhqfhv1 Ilqdoo|/ lw kdv suryhq gl!fxow wr ghylvh whvwv ri wkh
vljqlfdqfh ri uhmhfwlrqv lq wkh |hv2qr frqwh{w ri US whvwv1 Lq wklv sdshu zh
ghyhors dqg dsso| whfkqltxhv zklfk doorz xv wr frqgxfw d qrqsdudphwulf dqdo|vlv
ri plfur gdwd1 E| frpelqlqj qrqsdudphwulf vwdwlvwlfdo phwkrgv zlwk d uhyhdohg
suhihuhqfh dqdo|vlv ri plfur gdwd zh fdq ryhufrph wkh sureohpv zh kdyh ghvfulehg1
4Zh duh judwhixo wr Mdphv Edqnv/ Odxud Eorz/ Dodq Gxqfdq/ Duwkxu Ohzeho/ Ldq Suhvwrq
dqg vhplqdu sduwlflsdqwv lq Erqq/ Eulvwro/ Fklfdjr/ FUHVW/ Frshqkdjhq/ Qruwkzhvwhuq/ Lrzd
dqg wkh Xqlyhulvw| ri Eulwlvk Froxpeld iru khosixo frpphqwv1 Wklv vwxg| lv sduw ri wkh surjudp
ri uhvhdufk ri wkh HVUF Fhqwuh iru wkh Plfurhfrqrplf Dqdo|vlv ri Ilvfdo Srolf| dw LIV1 Wkh
qdqfldo vxssruw ri wkh HVUF dqg wkh Fdqdgldq VVKUF lv judwhixoo| dfnqrzohgjhg1 Pdwhuldo
iurp wkh IHV pdgh dydlodeoh e| wkh RQV wkurxjk wkh HVUF Gdwd Dufklyh kdv ehhq xvhg e|
shuplvvlrq ri wkh frqwuroohu ri KPVR1 Qhlwkhu wkh RQV qru wkh HVUF Gdwd Dufklyh ehdu uh0
vsrqvlelolw| iru wkh dqdo|vlv ru wkh lqwhusuhwdwlrq ri wkh gdwd uhsruwhg khuh1 Wkh xvxdo glvfodlphu
dssolhv1
5Vhh Pdqvhu dqg PfGrqdog +4<;;,/ dqg uhihuhqfhv wkhuhlq1
4
Zh dovr kdyh d qxpehu ri rwkhu prwlydwlrqv iru wklv vwxg|1 Iluvw/ sdudphw0
ulf ghpdqg vwxglhv rq plfur gdwd riwhq uhmhfw Voxwvn| v|pphwu| zklfk lv rqh
ri wkh lpsolfdwlrqv ri xwlolw| pd{lplvdwlrq vxemhfw wr d olqhdu exgjhw frqvwudlqw1
Dprqjvw wkh pdq| srvvleoh h{sodqdwlrqv iru wklv uhmhfwlrq duh wkdw hlwkhu zh kdyh
wkh czurqj* ixqfwlrqdo irup ru wkdw wkhuh h{lvwv qr zhoo0ehkdyhg irup ri suhihu0
hqfhv zklfk fdq udwlrqdolvh wkh gdwd1 Qrqsdudphwulf dqdo|vlv doorzv xv wr fkhfn
wklv1 Vhfrqg/ lw kdv suryhq gl!fxow wr whvw iru +joredo, qhjdwlyh vhpl0ghqlwhqhvv ri
wkh Voxwvn| pdwul{ lq sdudphwulf ghpdqg prghov1 Xvlqj uhyhdohg suhihuhqfh qrq0
sdudphwulf dqdo|vlv zh fdq vlpxowdqhrxvo| whvw iru erwk v|pphwu| dqg qhjdwlyh
vhpl0ghqlwhqhvv1 Wklug/ li wkh lqwhjudelolw| frqglwlrqv duh qrw uhmhfwhg/ zh riwhq
zlvk wr jr rq dqg xvh ghpdqg hvwlpdwhv iru srolf| dqdo|vlv1 Xvlqj sdudphwulf
dqdo|vlv wkhuh lv dozd|v vrph xqfhuwdlqw| dv wr krz pxfk wkh zhoiduh frqfoxvlrqv
duh gulyhq e| ixqfwlrqdo irup1 Li zh hpsor| qrqsdudphwulf whfkqltxhv wkhq zh fdq
rewdlq erxqgv rq zhoiduh hhfwv dqg xvh wkhvh erxqgv wr mxgjh wkh lpsruwdqfh ri
wkh fkrlfh ri ixqfwlrqdo irup rq zhoiduh frqfoxvlrqv1 Irxuwk/ wkh qrqsdudphwulf
dqdo|vlv fdq dlg lq wkh ghyhorsphqw ri qhz dqg sduvlprqlrxv sdudphwulf ghpdqg
v|vwhpv1 Ilqdoo|/ zh fdq h{whqg wkh qrqsdudphwulf dqdo|vlv wr lqyhvwljdwh uhyhdohg
suhihuhqfh iru frqglwlrqdo ghpdqgv1
Zh ehjlq wklv sdshu e| ghulylqj d phwkrg iru fkrrvlqj d vhtxhqfh ri wrwdo
h{shqglwxuhv wkdw pd{lplvh wkh srzhu ri wkh whvw ri wkh Jhqhudolvhg D{lrp ri
Uhyhdohg Suhihuhqfh +JDUS, zlwk uhvshfw wr d jlyhq suhihuhqfh rughulqj1 Wklv lv
vkrzq wr eh lpsohphqwdeoh rq plfur gdwd wkurxjk wkh qrqsdudphwulf hvwlpdwlrq
ri orfdo dyhudjh ghpdqgv/ ru orfdo Hqjho fxuyhv/ iru hdfk frpprq sulfh uhjlph1
Zh dvvxph wkdw krxvhkrogv lq hdfk orfdwlrq dqg wlph shulrg idfh wkh vdph uhod0
wlyh sulfhv1 Xqghu wklv dvvxpswlrq/ wkh qrqsdudphwulf Hqjho fxuyhv fruuhvsrqg wr
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h{sdqvlrq sdwkv iru hdfk sulfh uhjlph1 Wkhvh h{sdqvlrq sdwkv duh wkhq vkrzq wr
surylgh dq dwwudfwlyh phwkrg iru whvwlqj JDUS rq plfur gdwd1 Zh dovr frqvlghu
wkh xvh ri frqglwlrqdo ghpdqgv dqg vhsdudelolw| lq whvwv ri JDUS zkhq suhihu0
hqfhv iru d sduwlfxodu jrrg/ ru jurxs ri jrrgv/ pd| eh fkdqjlqj ryhu wlph1 Iru
vhtxhqflhv ri uhodwlyh sulfhv zkhuh JDUS lv qrw uhmhfwhg/ wkh hvwlpdwhg qrqsdud0
phwulf h{sdqvlrq sdwkv duh dovr vkrzq wr hqdeoh wkh frqvwuxfwlrq ri wljkw erxqgv
rq wuxh frvw ri olylqj lqglfhv dqg rq wkh zhoiduh hhfwv ri qrq0pdujlqdo uhodwlyh
sulfh fkdqjhv1
Lq hvwlpdwlrq zh dgguhvv wzr nh| lvvxhv wkdw dulvh zkhq sodflqj orfdo dyhudjh
ghpdqgv lq d vwuxfwxudo hfrqrplf frqwh{w1 Wkh qrqsdudphwulf Hqjho fxuyh iru
hdfk frpprglw| lv vshflhg dv d nhuqho uhjuhvvlrq ri wkh exgjhw vkduh rq orj wr0
wdo h{shqglwxuh1 Iluvw/ zh doorz iru wkh hqgrjhqhlw| ri orj wrwdo h{shqglwxuh lq
wkh qrqsdudphwulf exgjhw vkduh htxdwlrqv1 Zh gr wklv e| frpsohwlqj wkh prgho
zlwk d uhgxfhg irup vshflfdwlrq iru orj wrwdo h{shqglwxuh lq whupv ri glvsrvdeoh
lqfrph1 Wkh uhvlgxdo iurp wklv uhgxfhg irup uhjuhvvlrq lv dgghg wr wkh qrqsdud0
phwulf Hqjho fxuyh uhjuhvvlrq wr frqwuro iru wkh hqgrjhqhlw| ri wrwdo h{shqglwxuh1
Wklv dxjphqwhg uhjuhvvlrq htxdwlrq kdv d sduwldoo| olqhdu irup dqg fdq eh hvwl0
pdwhg xvlqj wkh vhplsdudphwulf hvwlpdwru vxjjhvwhg e| Urelqvrq +4<;;,1 Vhfrqg/
zh frqvlghu wkh sureohp ri srrolqj qrqsdudphwulf Hqjho fxuyhv dfurvv krxvhkrogv
ri glhuhqw ghprjudsklf frpsvlwlrq1 Zh vkrz wkdw wkh vkdsh lqyduldqw prgho
ri Kçugoh dqg Pduurq +4<<3, surylghv d wkhru| frqvlvwhqw jhqhudolvdwlrq wr wkh
sduwldoo| olqhdu vhplsdudphwulf phwkrg ri srrolqj qrqsdudphwulf Hqjho fxuyhv
dfurvv krxvhkrog ri glhuhqw frpsrvlwlrq1 D sduwldoo| olqhdu prgho iru ghpr0
judsklf yduldwlrq lv vkrzq wr uhgxfh wr Sljorj ghpdqgv xqghu krprjhqhlw| dqg
v|pphwu|1
6
Xvlqj d orqj wlph vhulhv ri uhshdwhg furvv0vhfwlrqv zh xvh wkhvh qrqsdudphw0
ulf uhjuhvvlrq fxuyhv/ dgmxvwhg iru hqgrjhqhlw| dqg ghprjudsklf frpsrvlwlrq/ wr
h{dplqh zkhwkhu uhyhdohg suhihuhqfh wkhru| fdq eh uhmhfwhg iru sduwlfxodu w|shv
ri lqglylgxdov ru lq sduwlfxodu vxeshulrgv ri wkh gdwd1 Iurp wkh dv|pswrwlf glv0
wulexwlrq wkhru| iru qrqsdudphwulf uhjuhvvlrq zh duh deoh wr surylgh d vwdwlvwlfdo
vwuxfwxuh zlwklq zklfk wr h{dplqh wkh frqvlvwhqf| ri gdwd zlwk uhyhdohg suhihu0
hqfh wkhru| zlwkrxw lpsrvlqj d joredo sdudphwulf vwuxfwxuh wr suhihuhqfhv1 Wkh
dssurdfk zh dgrsw surylghv dq dowhuqdwlyh wr wkh Diuldw lqh!flhqf| phdvxuh h{0
soruhg lq Idpxodul +4<<8, dqg Pdwwhl +4<<7,1
Wkhuh uhpdlqv wkh lvvxh ri xqrevhuyhg khwhurjhqhlw|1 Hyhq frqwuroolqj iru gh0
prjudsklf frpsrvlwlrq wdnlqj wzr krxvhkrogv wkdw duh vlplodu lq wlph/ sodfh dqg
wrwdo h{shqglwxuh zh xvxdoo| qg wkdw ghpdqg sdwwhuqv duh txlwh glhuhqw1 Wklv
pdnhv wkh dssolfdwlrq ri +US, qrqsdudphwulf whfkqltxhv wr plfur gdwd sureohp0
dwlf1 Hyhq wdnlqj d vpdoo qxpehu ri krxvhkrogv lq glhuhqw sulfh uhjlphv xvxdoo|
ohdgv wr d uhmhfwlrq ri wkh qrqsdudphwulf frqglwlrqv +vhh Nrr +4<96,/ Prvvlq
+4<:5, dqg Pdwwhl +4<<7,/ iru h{dpsoh/ dqg wkh uhfhqw sdshu e| Vlssho +4<<:, rq
wkh xvh ri h{shulphqwdo gdwd,1 Zh glvfxvv frqglwlrqv rq suhihuhqfhv zklfk duh
vxfk wkdw xqrevhuyhg khwhurjhqhlw| fdq eh dffrpprgdwhg/ dqg zklfk dovr phdq
wkdw rxu hpslulfdo dssurdfk vxffhvvixoo| lghqwlhv dyhudjh ghpdqg uhvsrqvhv1 Zh
dovr lqyhvwljdwh frqglwlrqv xqghu zklfk dyhudjh ghpdqg uhvsrqvhv fdq xvhixoo|
eh xvhg iru phdvxulqj wkh zhoiduh frvw ri qrq0pdujlqdo sulfh fkdqjhv dqg ghulyh
h{suhvvlrqv iru wkh uhvxowlqj eldv1
Wkh od|rxw ri wkh sdshu lv dv iroorzv1 Lq Vhfwlrq 5 wkh phwkrg iru fkrrvlqj d
vhtxhqfh ri wrwdo h{shqglwxuhv wkdw pd{lplvh wkh srzhu ri wkh whvw ri JDUS zlwk
uhvshfw wr d jlyhq suhihuhqfh rughulqj lv ghyhorshg1 D iudphzrun iru lpsohphqw0
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lqj wklv surfhgxuh e| xvlqj qrqsdudphwulf Hqjho fxuyhv lv surylghg1 Wklv vhfwlrq
dovr frqvlghuv wkh xvh ri frqglwlrqdo ghpdqgv dqg ghyhorsv d phwkrg ri erxqglqj
wuxh frvw ri olylqj lqglfhv1 Wzr dojrulwkpv duh suhvhqwhg zklfk jlyh xsshu dqg
orzhu erxqgv wr d ohyho vhw ri xwlolw| sdvvlqj wkurxjk dq| srlqw lq frpprglw|
vsdfh fkrvhq1 Vhfwlrq 6 glvfxvvhv suhihuhqfh khwhurjhqhlw| dqg h{dplqhv wkh uh0
odwlrqvkls ehwzhhq wkh qrqsdudphwulf Hqjho fxuyhv xvhg wr whvw JDUS dqg wkh
dyhudjh ghpdqgv +dqg dyhudjh zhoiduh, ri d vhw ri khwhurjhqhrxv krxvhkrogv xsrq
zklfk wkh| duh edvhg1 Lq Vhfwlrq 7 zh glvfxvv wkh gdwd dqg suhvhqw dq hpslulfdo
lqyhvwljdwlrq ri wkhvh lghdv xvlqj wzhqw| |hduv ri wkh Eulwlvk Idplo| H{shqglwxuh
Vxuyh|1 Wljkw erxqgv iru wkh wuxh frvw ri olylqj ryhu wklv shulrg duh suhvhqwhg dqg
vkrzq wr surylgh odujh lpsuryhphqwv rq fodvvlfdo uhyhdohg suhihuhqfh erxqgv1 Lp0
sruwdqw glhuhqfhv lq wkh fkdqjh lq frvw ri olylqj dfurvv lqfrph ghflohv duh irxqg1
Vhfwlrq 8 frqfoxghv1
51 Lqglylgxdo Gdwd dqg Uhyhdohg Suhihuhqfh
5141 Uhyhdohg Suhihuhqfh dqg Revhuyhg Ghpdqgv
Vxssrvh zh zlvkhg wr whvw h{shulphqwdoo| zkhwkhu d sduwlfxodu djhqw kdg
cudwlrqdo* dqg vwdeoh suhihuhqfhv1 Lq wkh frqwh{w ri ghpdqg/ wklv phdqv idflqj
wkhp zlwk d vhulhv ri sulfhv dqg wrwdo h{shqglwxuhv dqg whvwlqj zkhwkhu wkhlu
ghpdqg uhvsrqvhv vdwlvi| wkh Voxwvn| frqglwlrqv1 Vshflfdoo|/ li zh kdyh A wlph
shulrgv dqg jlyhq dq q0yhfwru ri sulfhv T| lq hdfk shulrg | zh frxog suhvhqw wkh
djhqw zlwk d vhulhv ri wrwdo h{shqglwxuhv %| dqg whvw zkhwkhu wkh uhvxowlqj wlph
vhulhv ri q0yhfwru ghpdqgv ^| ’ ^ ET|c %| ’ ^| E%| vdwlvi| uhyhdohg suhihuhqfh
whvwv1 Wr gr wklv/ frqvwuxfw d EA  A  pdwul{ 6 lq zklfk/ iru hdfk sdluzlvh
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frpsdulvrq wkh E|c r hohphqw ghqhv dq lqglfdwru yduldeoh=
6|r ’ dT
|
^|E%|  T|^rE%ro iru doo |c r ’ c c A +514,
zklfk lv rqh zkhq wkh uhyhdohg suhihuhqfh frpsdulvrq lq sduhqwkhvhv lv vdwlvhg
+vhh Yduldq +4<;5,, dqg }hur rwkhuzlvh1 Zh vd| wkdw ^|E%| lv gluhfwo| uhyhdohg
zhdno| suhihuuhg wr ^rE%r/ E^|E%| -
f ^rE%r li wkh odwwhu yhfwru ri txdqwlwlhv
lv drugdeoh dw shulrg | sulfhv dqg wrwdo h{shqglwxuh1 Li wkh lqhtxdolw| lq +514,
lv vwulfw wkhq zh vd| wkdw ^|E%| lv gluhfwo| uhyhdohg vwulfwo| suhiuhuuhg wr ^rE%r
+^|E%|
f^rE%r, vlqfh wkh djhqw frxog kdyh rewdlqhg wkh odwwhu pruh fkhdso| +dw
wkh sulfhv T|, exw fkrvh qrw wr1
Qrz frqvlghu d vxe0vhtxhqfh ri shulrgv irc |c c c j zkhuh wkh rughu pdwwhuv
+vr wkdw wkh vxe0vhtxhqfh irc |c c c j glhuv iurp i|c rc c c j,1 Zh vd| wkdw
wkh vxe0vhtxhqfh ri wrwdo h{shqglwxuhv i%rc %|c %c %c %j lv suhihuhqfh rughuhg
li i6r|c6|c 6j ’ ic c j1 Wkxv d vxe0vhtxhqfh ri wrwdo h{shqglwxuhv lv
suhihuhqfh rughuhg li wkh ghpdqg dvvrfldwhg zlwk dq| wrwdo rxwod| lv uhyhdohg dw
ohdvw dv jrrg dv wkh qh{w rqh1 Jlyhq wklv/ zh ghqh dq lqgluhfw uhyhdohg suhihuhqfh
uhodwlrqvkls= ^rE%r lv lqgluhfwo| uhyhdohg zhdno| suhihuuhg wr ^E% li wkhuh lv d
suhihuhqfh rughuhg vxe0vhtxhqfh vwduwlqj lq r dqg hqglqj lq > zh ghqrwh wklv e|
^rE%r - ^E%1 Jlyhq d pdwul{ 6 ri gluhfw frpsdulvrqv zh fdq frqvwuxfw d
pdwul{ h6 ri lqgluhfw frpsdulvrqv e| wdnlqj wkh wudqvlwlyh forvxuh ri 6> Yduldq
+4<;5, vkrzv wkdw wklv fdq eh dfklhyhg lqh{shqvlyho| xvlqj Zduvkdoo*v dojrulwkp1
Vxssrvh qrz wkdw zh kdyh d suhihuhqfh rughuhg vxe0vhtxhqfh i%rc %|c %c %c %j









Lq wklv fdvh zh vd| wkdw wklv vxe0vhtxhqfh idlov JDUS/ wkh jhqhudo d{lrp ri
uhyhdohg suhihuhqfh1 Zh vkdoo vd| wkdw wkh fkurqrorjlfdo vhtxhqfh ri wrwdo rxwod|v
i%c %2c %Aj idlov JDUS li vrph vxe0vhtxhqfh idlov JDUS1
Ehorz/ zh vkdoo dovr pdnh xvh ri wkh Diuldw qxpehuv1 Lq whupv ri wkh Diuldw
lqhtxdolwlhv +Yduldq +4<;5/ s1 <7<,/ ^r - ^ lpsolhv wkdw wkhuh h{lvw qxpehuv
Lrc Lc b : f vxfk wkdw
Lr  L n bTE^r  ^ +516,
Li +515, krogv wkhq T

E^r  ^ 	 f/ dqg vlqfh b : f lw pxvw eh wkdw Lr 	 L
zklfk lv d idloxuh ri ^r - ^ dqg frqvhtxhqwo| d idloxuh ri JDUS1
5151 Fkrrvlqj d Sdwk iru Frpsdulvrq Srlqwv
Wkh fkrlfh ri wkh vhtxhqfh ri wrwdo h{shqglwxuhv %| xvhg lq wkh frpsdulvrqv
deryh uhtxluhv vrph glvfxvvlrq1 Wkhuh lv d zhoo nqrzq sureohp zlwk dsso|lqj
JDUS whvwv wr gdwd lq sudfwlfh wr zklfk Yduldq +4<;5, uhihuv lq klv dssolhg zrun1
Wklv lv wr gr zlwk wkh idfw wkdw/ sduwlfxoduo| zlwk dqqxdo gdwd/ lqfrph jurzwk
ryhu wlph fdq vzdps yduldwlrqv lq uhodwlyh sulfhv +zklfk duh zkdw zh duh lqwhu0
hvwhg lq,1 Wklv lv ehfdxvh uhdo lqfrph jurzwk lqgxfhv rxwzdug pryhphqwv ri wkh
exgjhw frqvwudlqw dqg/ frpelqhg zlwk w|slfdoo| vpdoo shulrg0wr0shulrg uhodwlyh
sulfh pryhphqwv/ wklv phdqv wkdw exgjhw olqhv pd| vhogrp furvv1 Dv d uhvxow/
gdwd riwhq odfnv srzhu wr uhmhfw JDUS1 Lqghhg/ li zh fkrrvh wkh %|*v vr wkdw exg0
jhw olqhv qhyhu furvv wkhq zh fdq qhyhu ylrodwh wkh JDUS frqglwlrqv1 Fohduo|
wkhq/ wkh srzhu ri d uhyhdohg suhihuhqfh whvw zloo ghshqg fulwlfdoo| rq wkh fkrlfh
ri E%c %2c %A 1
Rqh vroxwlrq lv wr fkrrvh d vhtxhqfh ri frqvwdqw uhdo wrwdo h{shqglwxuhv1
:
Wkxv jlyhq % dqg d vhw ri sulfh lqglfhv EETc 2ET2c A ETA  zh frxog fkrrvh
%| ’ %|*1 Dowkrxjk vxshufldoo| dwwudfwlyh wklv ehjv wkh txhvwlrq ri zkdw
sulfh lqgh{ wr xvh1 Pruh lpsruwdqwo|/ hyhq li wkh vhulhv ri ghpdqgv jhqhudwhg
lq wklv zd| glg vdwlvi| JDUS/ zh fdqqrw eh vxuh wkdw dq| rwkhu vhulhv ri wrwdo
h{shqglwxuhv vwduwlqj iurp % zrxog dovr vdwlvi| JDUS1 Lqvwhdg ri wklv/ zh ghylvh
d vlpsoh dojrulwkp iru ghwhuplqlqj d vhtxhqfh ri %| srlqwv wkurxjk wkh gdwd zklfk
pd{lplvhv wkh fkdqfh ri qglqj d uhmhfwlrq jlyhq d sduwlfxodu suhihuhqfh rughulqj
ri wkh gdwd1
Vxssrvh zh kdyh d vhtxhqfh ri ghpdqgv dqg frqvlghu dq| suhihuhqfh rughuhg
vxe0vhtxhqfh i%rc %|c %c %c %j61 Wkh dojrulwkp iru fkrrvlqj wkh prvw srzhuixo
sdwk iru wklv suhihuhqfh rughuhg vxe0vhtxhqfh lv d uhfxuvlyh vfkhph1 Jlyhq wrwdo
h{shqglwxuh lq wkh odvw shulrg lq wkh vxe0vhtxhqfh/ %/ wrwdo rxwod| lq wkh vhfrqg
wr odvw shulrg  lv fkrvhq vr wkdw wkh shulrg  exqgoh lv mxvw drugdeoh dw wkh
shulrg  sulfhv> ghqrwh wklv % ’ T


^E%1 Wkxv ^E% lv gluhfwo| uhyhdohg
zhdno| suhihuuhg wr ^E%1 Wkhq wrwdo rxwod| lq wkh suhylrxv shulrg lv fkrvhq
vr wkdw ^E% lv mxvw drugdeoh dqg vr rq1 Wkxv wkh vhtxhqwldo pd{lpxp srzhu
+VPS, sdwk iru wkh suhihuhqfh rughuhg vxe0vhtxhqfh i%rc %|c %c %c %j lv jlyhq
e|=
i%rc %|c %c %c %j ’ iTr^|E%|cT|^E%c T^E%c %j +517,
E| frqvwuxfwlrq/ dq| VPS sdwk lv suhihuhqfh rughuhg1 Iljxuh 514 looxvwudwhv d wkuhh
shulrg/ wzr jrrg h{dpsoh lq zklfk wkh rughu ri wkh vxe0vhtxhqfh lv i^-f^2-f^j1
Lq jxuh 514 wkh vkdghg sduw ri wkh shulrg 6 exgjhw olqh jlyhv wkh ^ ghpdqg srlqwv
6Zh duh rqo| lqwhuhvwhg lq vhtxhqfhv ryhu wkh zkroh gdwd shulrg lq zklfk wkhuh lv vrph
srvvlelolw| ri uhmhfwlqj JDUS1 Wklv lpsolhv wkdw wkhuh pxvw eh dw ohdvw rqh suhihuhqfh rughuhg
vxe0vhtxhqfh1
;
zklfk uhvxow lq d uhmhfwlrq ri JDUS1 Lqwxlwlyho|/ rqh fdq vhh wkdw wklv sdwk lv jrlqj
wr pd{lplvh wkh suredelolw| ri qglqj vrph uhmhfwlrq lq wkh vhqvh wkdw csxvklqj
rxw* hlwkhu ri wkh shulrg 2 ru  exgjhw olqhv zloo uhgxfh wkh ohqjwk ri wkh uhmhfwlrq
uhjlrq1 Li ghpdqgv duh qrupdo wkhq wklv uhgxfhv wkh fkdqfh ri revhuylqj d ghpdqg
lq wkdw uhjlrq1








Wr irupdolvh rxu qrwlrq ri srzhu zh qhhg vrph pruh ghqlwlrqv1 Wkh uvw
frqfhuq ghpdqgv1 Ohw ^
|
E% eh wkh wk hohphqw ri wkh ghpdqg yhfwru lq shulrg |1




E% iru doo Ec |1
Wklv lv d qdwxudo dvvxpswlrq wr pdnh iru wkh zlgh frpprglw| djjuhjdwhv zh vkdoo
eh zrunlqj zlwk1 Lq wkh gdwd dqdo|vlv ehorz zh vkrz wkdw wkh 55 frpprglwlhv zh
ghdo zlwk duh doo qrupdo jrrgv1 Zh vkdoo dovr qhhg= ghpdqgv duh frqwlqxrxv li
^
|
E% lv d frqwlqxrxv ixqfwlrq iru doo Ec |1
<
Wkh vhfrqg ghqlwlrq lv uhtxluhg wr vwdwh rxu irupdo uhvxow1 D f|foh ri d vxe0
vhtxhqfh ri lqglfhv lv ghqhg wr eh dqrwkhu vxe0vhtxhqfh ri wkh vdph ohqjwk wkdw
vwduwv dw dq| srlqw lq wkh ruljlqdo vxe0vhtxhqfh dqg pdlqwdlqv wkh rughulqj ri
lqglfhv> iru h{dpsoh ic c c rc |j lv d f|foh ri wkh vxe0vhtxhqfh irc |c c c j
+dqg ylfh yhuvd,1 Vlploduo| zh vd| wkdw ~%/ %c %c %rc %| lv d f|foh ri ~%rc %|/ %
/111%c %1
Sursrvlwlrq 41 Vxssrvh wkdw wkh exgjhw vhtxhqfh E	%c 	%2c 	%A  kdv d suhihuhqfh
rughuhg vxe0vhtxhqfh wkdw uhmhfwv JDUS1 Li ghpdqgv duh qrupdo wkhq wkh VPS
sdwk iru dq| xwlolw| qrq0ghfuhdvlqj f|foh ri wkdw vxe0vhtxhqfh dovr uhmhfwv JDUS1
Surri1 Zlwkrxw orvv ri jhqhudolw| zh wdnh wkh ohqjwk ri wkh JDUS uhmhfwlqj
suhihuhqfh rughuhg vxe0vhtxhqfh wr eh > ohw lw eh/ vd|/ i	%rc 	%|c 	%j1 Wkdw lv=
E 	%r ’ T

r
^rE	%r  Tr^|E	%| dqg
E2 	%| ’ T

|
^|E	%|  T|^E	% dqg







Zh frqvlghu wkh VPS sdwk iru rqh f|foh ri wklv rughuhg vxe0vhtxhqfh dqg vkrz
wkdw lw wrr uhmhfwv JDUS> wkh surri iru dq| rwkhu f|foh iroorzv vlplodu olqhv1
Frqvlghu wkh f|foh E	%|c 	%c 	%r1 Wkh fruuhvsrqglqj VPS sdwk E%|c %c 	%r kdv=














E| frqvwuxfwlrq wklv lv d suhihuhqfh rughuhg vxe0vhtxhqfh +^E%-
f^rE	%r dqg
^|E%|-















^E%, 	% : % , ^E	% : ^E% iru doo 
Frpelqlqj wklv zlwk E2 dqg ED zh kdyh=
T
|
^|E	%|  T|^E	% : T|^E% ’ T|^|E%|, 	%| : %|
Iurp wklv dqg E zh kdyh=
T
r
^rE	%r  Tr^|E	%| : Tr^|E%|
zklfk lv frqglwlrq ES> khqfh JDUS lv uhmhfwhg iru wklv vxe0vhtxhqfh1
Wkxv li zh whvw iru JDUS dorqj d jlyhq VPS sdwk vwduwlqj iurp d jlyhq
43
wrwdo h{shqglwxuh dqg zh gr qrw uhmhfw/ wkhq zh fdq eh frqghqw wkdw zh zrxog
qrw uhmhfw iru dq| rwkhu sdwk zklfk vwduwv iurp wkh vdph wrwdo h{shqglwxuh dqg
pdlqwdlqv wkh xwlolw| qrq0ghfuhdvlqj rughulqj lpsolhg e| wkh VPS sdwk1 Wkhuh lv
qr qhhg iru wkh fkrvhq rughulqj ri wkh VPS sdwk wr eh fkurqrorjlfdo1
Lq wkh vwdwhphqw ri wklv sursrvlwlrq wkh qrupdolw| dvvxpswlrq lv qhfhvvdu| lq
wkh vhqvh wkdw zlwkrxw lw zh fdq frqvwuxfw frxqwhu0h{dpsohv1 Lq wkh gdwd dqdo|vlv
ehorz zh vkrz wkdw wkh 55 frpprglwlhv zh ghdo zlwk duh doo qrupdo jrrgv1
5161 Qrqsdudphwulf H{sdqvlrq Sdwkv
Vr idu zh kdyh ehhq dvvxplqj wkdw zh fdq wdnh d vlqjoh djhqw dqg suhvhqw
wkhp zlwk dq| sdwk ri wrwdo h{shqglwxuhv1 Lq sudfwlfh/ ri frxuvh/ zh fdqqrw
gr wklv lq dq|wklqj exw dq h{shulphqwdo vhwwlqj1 Lqvwhdg zh kdyh wr xvh qrq0
h{shulphqwdoo| jhqhudwhg gdwd rq sulfhv dqg txdqwlwlhv iurp d qxpehu ri khwhur0
jhqhrxv krxvhkrogv revhuyhg rqo| rqfh1
Wr dfklhyh wkh VPS sdwk ghvfulehg lq Sursrvlwlrq 4/ zh qhhg wr eh deoh wr
pryh lqglylgxdov dorqj wkhlu h{sdqvlrq sdwkv1 Wr vhh wklv frqvlghu Iljxuh 515
zklfk dggv h{sdqvlrq sdwkv wr Iljxuh 5141 Vxssrvh zh vwduw dw exgjhw olqh % iru
sulfhv T dqg ghpdqgv duh jlyhq e| ^E% Wr iroorz wkh VPS sdwk zh qhhg wr
fkrrvh d exgjhw olqh xqghu sulfhv T2 vr wkdw ^ fdq mxvw eh erxjkw/ wklv exgjhw ohyho
dw sulfhv T2 lv odehoohg h%21 Wkhq wkh fkrvhq ^2Eh%2 lv vxfk wkdw ^2E%2 -f ^E	%
Li wkh revhuyhg exgjhw zdv %2 wklv lv dq h{dpsoh lq zklfk wkh exgjhw olqh kdv
pryhg rxw/ uhgxflqj wkh fkdqfh ri qglqj d uhmhfwlrq1
Wkh vhtxhqwldo pd{lpxp srzhu sdwk fdq eh frqvwuxfwhg e| prylqj dorqj wkh
^2 h{sdqvlrq sdwk .E^2m %cT2 lq Iljxuh 5151 Li zh qrz fkrrvh h% vr wkdw ^2 fdq
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mxvw eh erxjkw dw T wkhq zh pd{lplvh wkh uhjlrq ri uhmhfwlrq ri ^ zlwk uhvshfw
wr ^2/ ghqrwhg e| wkh wklfn sduw ri wkh exgjhw olqh ghqhg e| T


^1 Dw dq| srlqw
lq wklv uhjlrq ^E%2 
f ^E	% dqg JDUS lv uhmhfwhg1 Djdlq wklv fdq rqo| eh
dfklhyhg e| prylqj dorqj wkh ^ h{sdqvlrq sdwk wr wkh srlqw ^ rq exgjhw olqh
h%7 Pryhphqwv dorqj wkh h{sdqvlrq sdwk duh htxlydohqw wr pryhphqwv dorqj wkh
Hqjho fxuyh1 Vr wkdw li Hqjho fxuyhv duh nqrzq wkhq vr duh wkh h{sdqvlrq sdwkv1
Wr hvwlpdwh wkh Hqjho fxuyhv zh wxuq wr qrqsdudphwulf uhjuhvvlrq phwkrgv1
Lw lv dvvxphg wkdw lq shulrg |/ sulfhv ghqrwhg T| iru hdfk jrrg  ’ c c ?
duh frpprq wr doo lqglylgxdov1 Iru rxu sxusrvhv/ lw zloo eh xvhixo wr wklqn ri | dv
wlph exw lw pd| dowhuqdwlyho| uh hfw uhjlrq ru vrph rwkhu vhsdudwlrq zlwklq zklfk
wkh vdph pdunhw sulfh lv vhw1 W|slfdoo| wkh qxpehu ri glhuhqw sulfh uhjlphv
| ’ c Ac zloo eh vpdoo1 Frpprglw| ghpdqgv dqg wrwdo h{shqglwxuh/ rq wkh
rwkhu kdqg/ duh lqgh{hg e| erwk dq lqglylgxdo lqgh{  dqg |c wkh glphqvlrq ri 
zloo eh +yhu|, odujh1
Wkh dgydqwdjh ri plfur ghpdqg gdwd lv wkdw zh fdq hvwlpdwh Hqjho fxuyhv
qrqsdudphwulfdoo| iru hdfk frpprq sulfh uhjlph1 Dw dq| srlqw lq wlph dqg dw
dq| orfdwlrq doo lqglylgxdov idfh wkh vdph uhodwlyh sulfhv dqg duh fkdudfwhulvhg e|
glhuhqfhv lq hqgrzphqw ru wrwdo exgjhw %|1 Iru hdfk lqglylgxdo  dqg jrrg 
wkhuh lv dq h{shqglwxuh R|^

| lq shulrg |1 Lq wkh qh{w vxe0vhfwlrq zh glvfxvv doorz0
lqj iru khwhurjhqhlw| lq suhihuhqfhv> iru qrz zh vlpso| ghqh wkh qrqsdudphwulf
Hqjho fxuyh iru sulfh uhjlph T| dv wkh phdq h{shqglwxuh frqglwlrqdo rq wrwdo
7Qrwh wkdw wkh srvvlelolw| ri uhmhfwlrq lv rqo| pd{lplvhg ehwzhhq dgmdfhqw srlqwv lq wkh
vhtxhqfh/ l1h1 ehwzhhq wkh ghpdqgv xqghu sulfh uhjlphv 4 dqg 5/ 5 dqg 6 hwf1 Lq wklv fdvh wkh
uhmhfwlrq zh qg lv ehwzhhq t4 dqg t61 Wr pd{lplvh wkh srvvlelolw| ri qglqj wklv uhmhfwlrq










| m% ’ R|}| E% +518,
Wkh sulfh R| lv d frqvwdqw lq hdfk shulrg | vr wkdw/ lq dq| sulfh uhjlph T|c wkh
frqglwlrqdo phdq ri hdfk ghpdqg jlyhq wrwdo rxwod| % ghqhv d vhw ri furvv0vhfwlrq
ghpdqgv=
.E^| m% ’ }| E% iru  ’ c c ? +519,
Wkh srzhu ri wkh qrqsdudphwulf dqdo|vlv frphv iurp nqrzohgjh ri wkh uhjuhvvlrq
olqh }| E% dqg lwv suhflvlrq orfdo wr vshflf srlqwv ri wkh % glvwulexwlrq1
Iurp h{whqvlyh hduolhu zrun rq wkh Hqjho fxuyh uhodwlrqvkls lq Eulwlvk krxvh0
krog ohyho gdwd +vhh Edqnv/ Eoxqghoo dqg Ohzeho +4<<:,,/ zh nqrz wkdw exgjhw
vkduhv wkdw duh olqhdu lq orj wrwdo h{shqglwxuh surylgh d jrrg edvholqh vshfl0
fdwlrq1 Iru wklv uhdvrq zh hvwlpdwh wkh Hqjho fxuyhv xvlqj wkh qrqsdudphwulf






iru  ’ c c ?c dqg | ’ c c Ac +51:,
wkh qrqsdudphwulf uhjuhvvlrq hvwlpdwhv wkh frqglwlrqdo h{shfwdwlrq
.E| m% ’ 6|E*?% iru  ’ c c ?c dqg | ’ c c A +51;,
Lq zkdw iroorzv zh zloo uhihu wr 6|E*?% dv wkh orfdo dyhudjh ghpdqg iru jrrg 
lq shulrg | lqgh{hg e| %1
5171 Srlqwzlvh Lqihuhqfh iru Sdluzlvh Frpsdulvrqv
Dw hdfk vwdjh lq wkh deryh glvfxvvlrq zh duh frpsdulqj zhljkwhg vxpv ri
nhuqho uhjuhvvlrqv1 Wkh sdluzlvh frpsdulvrq lq +515, fdq eh zulwwhq
8Edqnv/ Eoxqghoo dqg Ohzeho +4<<:, qg wkh ghqvlw| ri oq{ wr eh zhoo dssur{lpdwhg e| d















E%r iru r 9’ | +51<,







E%|  %| iru doo |























duh nqrzq frqvwdqw zhljkwv lq hdfk sulfh
uhjlph
Vlqfh wkh qrqsdudphwulf Hqjho fxuyh kdv d srlqwzlvh dv|pswrwlf vwdqgdug
huuru zh fdq hydoxdwh wkh glvwulexwlrq ri hdfk }
|
E%| dw d qlwh vhw ri srlqwv %|
Iru h{dpsoh/ lq zkdw iroorzv zh frqvlghu fhuwdlq txdqwloh srlqwv rq wkh VPS sdwk1
Srlqwzlvh vwdqgdug huuruv iru nhuqho uhjuhvvlrq duh jlyhq lq Kçugoh +4<<3,19
9Eulh |/ iru edqgzlgwk fkrlfh k dqg vdpsoh vl}h Q wkh yduldqfh fdq eh zhoo dssur{lpdwhg





zkhuh fN lv d nqrzq frqvwdqw dqg ik+{, lv dq +hvwlpdwh, ri wkh ghqvlw| ri {







zlwk zhljkwv iurp wkh nhuqho ixqfwlrq




Wr hydoxdwh +5143, zh qhhg wr qg wkh glvwulexwlrq ri wkh zhljkwhg vxp ri
fruuhodwhg nhuqho uhjuhvvlrq hvwlpdwhv1 Krzhyhu/ vlqfh wkh } nhuqho hvwlpdwhv duh
wr eh hydoxdwhg dw wkh vdph srlqw % xvlqj wkh vdph nhuqho vprrwkhu dqg wkh vdph
edqgzlgwk/ wkh frqvwdqwv dvvrfldwhg zlwk wkh nhuqho ixqfwlrq dqg wkh ghqvlw| sE%
lwvhoi zloo eh frpprq wr doo yduldqfh dqg fryduldqfh whupv1 Srlqwzlvh vwdqgdug
huuruv dqg frqghqfh edqgv iru h{suhvvlrq +5143, duh wkhuhiruh wudfwdeoh dqg duh
xvhg h{whqvlyho| lq wkh hpslulfdo dssolfdwlrq ehorz1
5181 Txdolw| Fkdqjh/ Frqglwlrqdo Ghpdqgv/ Vhsdudelolw| dqg JDUS
Lw lv frpprq lq hpslulfdo ghpdqg dqdo|vlv wr zrun zlwk frqglwlrqdo ghpdqgv
+vhh iru h{dpsoh Eurzqlqj dqg Phjklu +4<<4,,1 Wklv lv sduwlfxoduo| frqyhqlhqw
zkhuh vrph jrrg/ ru jurxs ri jrrgv/ lv frqvlghuhg wr eh udwlrqhg ru vxemhfw wr
vrph xqphdvxuhg fkdqjh lq txdolw|/ suhihuhqfh ru kdelw irupdwlrq/ dqg lv dovr
qrw vhsdudeoh iurp wkh jurxs ri jrrgv xqghu vwxg|1 Iru h{dpsoh/ ghpdqgv iru
wredffr frqvxpswlrq duh yhu| olnho| wr eh vxemhfw wr fkdqjhv lq suhihuhqfh dqg
txdolw| iroorzlqj jryhuqphqw khdowk dqqrxqfhphqwv ryhu wkh shulrg ri vwxg|1 Lw
lv xqolnho| wkdw wkh ohyho dqg sduwlflsdwlrq ri wredffr frqvxpswlrq lv wkhuhiruh
ixoo| udwlrqdolvdeoh e| d vhw ri vwdeoh suhihuhqfhv ryhu wklv shulrg1 Krzhyhu/ lw
lv dovr olnho| wkdw suhihuhqfhv ryhu fhuwdlq rwkhu jrrgv ri lqwhuhvw/ vxfk dv ehhu/
zlqh/ vslulwv dqg hqwhuwdlqphqw duh gluhfwo| dhfwhg e| wredffr frqvxpswlrq> wkdw
lv/ wkh| gr qrw irup d vxejurxs zklfk lv vhsdudeoh iurp wredffr1 Frqvhtxhqwo|/
ghpdqgv frqglwlrqdo rq wkh ohyho ri wredffr frqvxpswlrq pd| eh udwlrqdolvhg
hyhq wkrxjk iru wkh vhw ri jrrgv zlwk wredffr lqfoxghg wklv zrxog qrw eh wkh
fdvh1 Vlploduo|/ wkh vhw ri jrrgv h{foxglqj wredffr zrxog dovr qrw eh udwlrqdolvhg
lq wkh fdvh zkhuh wkh| zhuh qrw vhsdudeoh iurp wredffr frqvxpswlrq1
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Li wkhuh lv dq dujxphqw wkdw suhihuhqfhv iru wredffr pd| kdyh fkdqjhg ryhu wkh
shulrg/ wkhq wkhuh lv jrrg uhdvrq wr h{shfw wkdw d gdwdvhw zklfk lqfoxghv wredffr
zloo idlo d whvw ri JDUS1 Li wklv lv vr/ wkhq lw phdqv wkdw vhsdudelolw| lv irupdoo|/
dv zhoo dv lqwxlwlyho|/ uhmhfwhg dqg zh fdqqrw vlpso| rplw wredffr iurp wkh vhw ri
jrrgv frqvlghuhg1:
Frqvlghu lqvwhdg wkh fdvh ri ? n  jrrgv lq zklfk wkh cfrqglwlrqlqj* jrrg ^f
lv vxemhfw wr vrph udwlrq ru txdolw| fkdqjh dqg suhihuhqfhv ryhu wkh uhpdlqlqj
cjrrgv ri lqwhuhvw* ^c c ^? duh wkrxjkw wr ehkdyh dffruglqj wr udwlrqdo frqvxphu
wkhru|;1 Qrwh wkdw li suhihuhqfhv ryhu wkh jrrgv ri lqwhuhvw duh dvvxphg qrw wr
eh vhsdudeoh iurp wkh frqglwlrqlqj jrrg/ dqg zh gr qrw revhuyh wkh odwwhu/ wkhq
zh fdq udwlrqdolvh dq| vhw ri sulfhv dqg txdqwlwlhv iru wkh jrrgv ri lqwhuhvw +vhh
Yduldq +4<;9,,1 Wkxv d cplvvlqj* jrrg pdnhv lw lpsrvvleoh wr whvw iru JDUS1
Wkh vlpsoh fkrlfh prgho lv dv iroorzv
4@ L E^|















,1 Suhihuhqfhv ryhu t3 duh zhdno| vhsdudeoh iurp tn li wkhuh h{lvwv d
























Wkh fulwhulrq iru vhsdudelolw| lv vhw rxw e| Yduldq +4<;6,1 Wklv lv wkdw li wkh gdwd zhuh


































pxvw vdwlvi| JDUS iru vrph fkrlfh ri +z>, zklfk vdwlvi| Diuldw lqhtxdolwlhv1 Lq rwkhu zrugv/
wkh zkroh gdwdvhw kdv wr sdvv JDUS/ wkh dujxphqwv ri wkh vxe0xwlolw| ixqfwlrq kdyh wr sdvv
JDUS/ dqg wkh zkroh gdwdvhw zlwk wkh vhsdudeoh frpsrqhqwv uhsodfhg e| wkhlu jurxs csulfh*
+4@ zkhuh  lv wkh pdujlqdo xwlolw| ri lqfrph dw s33t3, dqg wkhlu jurxs ctxdqwlw|* +z, pxvw
sdvv JDUS1
;Wklv lghd ri lqwurgxflqj d frqglwlrqlqj jrrg lv vlplodu wr wkh lghdv sursrvhg e| Sudlv dqg
Krxwkdnnhu +4<88, dqg Ilvkhu dqg Vkhoo +4<:4, dqg jhqhudolvhg e| Pxhooedxhu +4<:8,1 Wkh|




^|  %| | ’ fc c A
zkhuh | ’ T|  | lv wkh sulfh zklfk fdq eh ghfrpsrvhg lqwr wkh revhuyhg frp0
srqhqw T| dqg dq dgmxvwphqw idfwru | +lq wkh Sudlv Krxwkdnnhu prgho lv lv d
txdolw| gh dwru,1 Zh dvvxph wkdw rqo| rqh jrrg +jrrg f, lv vxemhfw wr shuihuhqfh
yduldwlrq1 Khqfh Z&| ’ R
&




Zf| ghshqglqj rq zkhwkhu wkh pdujlqdo xwlolw| ri wkh jrrg lv lv lqfuhdvlqj ru







Wkh uvw rughu frqglwlrq lv wkdw
L  E^| b| ET|  | ’ f
zkhuh b| : f li wkh frqvwudlqw elqgv1 Vxevwlwxwlqj lqwr wkh xvxdo frqfdylw| frqgl0
wlrqv zh kdyh wkh Diuldw lqhtxdolw|=
Lr  L| n b| ET|  | E^r  ^| +5145,
ru pruh vshflfdoo| +ghqrwlqj ^|  E^| c    c ^?|  dqg |  EZ| c    c Z?| ,
Lr  L| n b|| E^r  ^| li | ’ f
Lr  L| n b|| E^r  ^| n b|Zf| E^fr  ^f|  rwkhuzlvh1
Zh revhuyh wkh fruuhfw sulfhv iru doo wkh rwkhu jrrgv E& 9’ f/ ; | +vlqfh wkhuh
lv dvvxphg wr eh qr txdolw| ru shuihuhqfh yduldwlrq,1 Krzhyhu/ zh gr qrw revhuyh
wkh sulfh iru wkh fwk jrrg EZf
|
/ h{fhsw lq wkh fwk shulrg1
Wkh uhvwulfwlrqv lpsrvhg e| JDUS lq wklv fdvh fdq eh vkrzq xvlqj d yduldqw
ri Wkhruhp : lq Yduldq +4<;6, wr lpso| d vhw ri frqfdylw| frqglwlrqv iru wkh
4;
pd{lplvdwlrq ri vrph frqwlqxrxv/ frqfdyh/ prqrwrqlf dqg qrq0vdwldwhg xwlolw|
ixqfwlrq ghqhg ryhu ^ ’ E^c c ^? frqglwlrqdo rq ^f





















c TA  fdq
eh udwlrqdolvhg l wkhuh h{lvw qxpehuv Lrc L|c br : f dqg >r vxfk wkdw
L|  Lr n brTrE^|  ^r n brRfr>rE^f|  ^fr +5146,
Surri1
Wkh surri lv lghqwlfdo wr wkdw ri Wkhruhp : lq Yduldq +4<;5,1
Vlqfh wkh suhihuhqfh fkdqjh +ru txdolw| fkdqjh, prgho fdq eh uhzulwwhq dv d
vwdeoh suhihuhqfh prgho zlwk yluwxdo sulfhv wkh xvxdo JDUS uhvwulfwlrqv dsso| wr
wkh gdwd zlwk wkh dfwxdo sulfh ri wkh uhsodfhg e| wkh dgmxvwhg sulfh +Zf| ,1 Wkxv
doorzlqj iru d frqglwlrqlqj jrrg lv dv wkrxjk zh fdq fkrrvh d sulfh iru wklv jrrg
wkdw lv glhuhqw iurp wkh revhuyhg pdunhw sulfh1 Li zh fdq qg >r*v iru hdfk shulrg
wkdw htxdo xqlw| wkhq zh fdq udwlrqdolvh wkh gdwd rq doo ?n jrrgv1 Exw li JDUS
lv uhmhfwhg iru wkh ixoo vhw ri jrrgv/ wkh dgglwlrq ri wkh h{wud iuhh yduldeohv >r pd|
pdnh lw srvvleoh wr udwlrqdolvh wkh frqglwlrqdo ghpdqgv iru wkh jrrgv ri lqwhuhvw1
Irupdoo|/ >rR
f
r lv wkh yluwxdo sulfh iru wkh frqglwlrqlqj jrrg lq shulrg r1 Li djhqwv
olnh wkh frqglwlrqlqj jrrg ohvv ryhu wlph wkhq zh zrxog h{shfw wr qg wkdw >| : >r
iru | : r> wkdw lv/ lw lv dv wkrxjk wkh yluwxdo sulfh ri wkh frqglwlrqlqj jrrg lv ulvlqj
ryhu wlph1 Dgglqj pruh frqglwlrqlqj jrrgv ixuwkhu uhod{hv wkh uhvwulfwlrqv JDUS
sodfhv rq wkh revhuyhg gdwd1
4<
Lq jhqhudo/ iru vrph uhmhfwlrq vxfk dv T
|
^|  T|^r dqg Tr^r : Tr^| wkh
plqlpxp sulfh dgmxvwphqw wr wkh sulfh ri wkh f| jrrg qhfhvvdu| vxfk wkdw T
r
^r ’

























> l1h1/ zh qhhg
wr vhw Rfr  Rfr vr wkdw Tr^r  Tr^|1 Dq| Rfr 	 Rfr zloo ylrodwh JDUS1 Uhyhuvlqj

































































^| , ^r  ^|/ exw wkh VPS
sdwk lqgxfhv wkdw ^|-
f^r zklfk lv d ylrodwlrq ri JDUS1













^| , ^o  f ^|c zkloh wkh VPS sdwk lqgxfhv wkdw ^| -f ^r/ ^r -f ^o
dqg ^| - ^o Zh qhhg wr qg d vlqjoh R
f




































 	 fc vd|/






























pd| kdyh glhuhqw vljqv1 Lq wklv fdvh wkh plql0
pxp qhfhvvdu| dgmxvwphqw zloo jlyh d qhjdwlyh sulfh1 Li wklv lv dq xsshu olplw wkhq qr srvlwlyh
sulfh iru wklv jrrg fdq eh irxqg zklfk fdq udwlrqdolvh JDUS1
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wkhq qr ydoxh iru Rf
o
lq wkh lqwhuydo zloo fdxvh








5191 Zhoiduh erxqgv dqg h{sdqvlrq sdwkv
Diuldw +4<::, ghvfulehg wkh zd| lq zklfk uhyhdohg suhihuhqfh lqirupdwlrq fdq
eh xvhg wr lpsuryh wkh fodvvlfdo erxqgv ri wkh zhoiduh hhfwv ri d sulfh fkdqjh1
Wkh lghd lv wkdw wkh d{lrpv ri uhyhdohg suhihuhqfh fdq eh xvhg wr johdq dggl0
wlrqdo lqirupdwlrq rq wkh fxuydwxuh ri lqglhuhqfh vxuidfhv lq frpprglw| vsdfh
dqg wkdw wklv fdq eh xvhg wr lpsuryh fodvvlfdo wzr vlghg erxqgv rq wkh zhoiduh
hhfwv ri sulfh fkdqjhv1 Wklv whfkqltxh lv xvhg lq Yduldq +4<;5, dqg Pdqvhu dqg
PfGrqdog +4<;;,1 Krzhyhu/ wklv vruw ri lpsuryhphqw wr wkh zhoiduh erxqgv iurp
uhyhdohg suhihuhqfh lv rqo| srvvleoh zkhq exgjhw vxuidfhv furvv1 Dqg wklv pd|/ iru
wkh uhdvrqv glvfxvvhg deryh/ eh d uduh rffxuuhqfh/ sduwlfxoduo| zlwk djjuhjdwh ru
dyhudjh ghpdqg gdwd> lqghhg lq Yduldq*v +4<;5, dssolhg zrun rq JDUS erxqgv
rq frvw0ri0olylqj lqglfhv/ lpsuryhphqwv zhuh rqo| srvvleoh wr wkh fodvvlfdo erxqgv
iru wzr |hduv rxw ri wkluw| wzr vwxglhg1 Lq sudfwlvh wklv kdv olplwhg wkh xvhixoqhvv
ri JDUS erxqgv1
Nqrzohgjh ri h{sdqvlrq sdwkv fdq lpsuryh wkhvh erxqgv1 Pryhphqwv dorqj
h{sdqvlrq sdwkv doorz wkh pd{lpxp lqirupdwlrq rq wkh fxuydwxuh ri wkh lqglhu0
hqfh fxuyh wkurxjk d jlyhq srlqw wr eh xwlolvhg1 Wkh iroorzlqj dojrulwkpv surylgh
xsshu dqg orzhu erxqgv rq dq lqglhuhqfh fxuyh wkurxjk d jlyhq srlqw lq frp0
prglw| vsdfh=
43Xqghu vrph flufxpvwdqfhv d vlqjoh dgmxvwphqw ghvljqhg wr dgguhvv rqh sduwlfxodu uhmhfwlrq
pd| fdxvh uhmhfwlrqv hovhzkhuh1 Dqdorjrxvo| lw fdq dovr { uhmhfwlrqv hovhzkhuh1 Wkhuh lv/ dv idu
dv zh nqrz/ qr hdv| zd| wr whoo zklfk zloo kdsshq lq dgydqfh1
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- E^f Erxqg Dojrulwkp
Rxwsxw lv wkh vhw - ri erxqgdu| srlqwv ri zklfk ^f lv d phpehu dqg zklfk
kdv A n  hohphqwv zkhuh T

^  T^ ; ^c^ 5 - dqg hlwkhu ^ -f ^f ru
^ - ^f iru doo ^ 5 - 1
4, Vhw ‘ ’ i^fj c  ’ ifc c c Aj c . ’ B
5, Vhw - ’ i^| ’ E4? i% mT|^| ’ T|^ j ^ 5‘c | 5 j
6, Vhw . ’ i^ 5 - G T^ : T^ iru ^ 5 -j
7, Vhw ‘ ’ -*.
8, Li . ’ B vhw - ’ ‘ dqg vwrs1 Rwkhuzlvh jr wr +5,1
-‘ E^f Erxqg Dojrulwkp
Rxwsxw lv wkh vhw -‘ ri erxqgdu| srlqwv ri zklfk ^f lv d phpehu dqg zklfk
kdv A n  hohphqwv zkhuh T

^  T^ ; ^c^ 5 -‘ dqg hlwkhu ^f -f ^ ru
^f - ^ iru doo ^ 5 -‘ 1
4, Vhw  ’ i^fj c  ’ ifc c c Aj c . ’ B
5, Vhw - ’ i^| ’ E4@ i% mTK^K ’ TK^|j ^K 5 c | 5 j
6, Vhw . ’

^ 5 - G T^ : T^ iru ^ 5 -

7, Vhw  ’ -*.
8, Li . ’ B vhw -‘ ’  dqg vwrs1 Rwkhuzlvh jr wr +5,1
Sursrvlwlrq 71 Li wkh gdwd orfdo wr wkh uhihuhqfh exqgoh ^f uhmhfw JDUS/ wkhq
wkh dojrulwkp iru wkh erxqgdu| wr wkh vhw - E^f zloo qrw frqyhujh1
Surri1
Zlwkrxw dq| orvv lq jhqhudolw| wdnh wkh vlpsohvw fdvh1 Lq zklfk wkhuh duh wzr
shulrgv1 Ghqrwh wkh uhihuhqfh shulrg exqgoh dv ^fc wkh rwkhu dv ^1
4, E| Vwhs +4, ‘ ’ ^f / | ’ ifc jc . ’ B
5, E| Vwhs +5, vhw % vxfk wkdw T


^ E% ’ T


^f1 Vhw - ’ i^fc^ E%j




7, E| Vwhs +6, . ’ i^fj vlqfh ^f f^ wkurxjk ylrodwlrq ri JDUS dqg e|
Vwhs +7, ‘ ’ i^j 
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- ’ i^f E%f c^ E%j
9, Qrz e| frqvwuxfwlrq ^f E%

f









 zklfk lv d ylrodwlrq ri JDUS
;, Khqfh e| Vwhs +6, . ’ i^ E%j wkurxjk ylrodwlrq ri JDUS/ dqg e| Vwhs
+7, ‘ ’ i^f E%fj 
<, Vlqfh . 9’ B Uhwxuq wr Vwhs +5,1 hwf1
Sursrvlwlrq 81 Li wkh gdwd orfdo wr wkh uhihuhqfh exqgoh ^f uhmhfw JDUS/ wkhq
wkh dojrulwkp iru wkh erxqgdu| wr wkh vhw -‘ E^f zloo qrw frqyhujh1
Surri1
Wkh surri lv dqdorjrxv zlwk wkdw iru Sursrvlwlrq 71
Zkdw wklv phdqv lv wkdw wkhvh dojrulwkpv surylgh d whvw ri JDUS lq wkh






^f1 Xvlqj wkh dujxphqw iru wkh VPS sdwk ghvfulehg deryh/






cvhtxhqfh* khuh lv d vhw ri sdluzlvh frpsdulvrqv hlwkhu gluhfwo| ru wudqvlwlyho| wr
^f1 Sursrvlwlrqv 61 dqg 7 whoo xv wkdw li wkh dojrulwkpv idlo wr frqyhujh wkhq wkhuh
duh qr frkhuhqw lqglhuhqfh fxuyhv wr erxqg lq wkdw uhjlrq ri wkh gdwd ehfdxvh
wkh gdwd uhmhfw JDUS1
Qrwh wkdw rqh ri wkh ehqhwv ri wklv whfkqltxhv ryhu wkh fodvvlf erxqgv uhyhdohg
e| dfwxdo gdwd lq zklfk dq| exgjhw frqvwudlqw fdq rqo| dsshdu rqfh/ lv wkdw hdfk
sulfh uhjlph fdq eh xvhg wzlfh> rqfh wr erxqg wkh lqglhuhqfh fxuyh iurp deryh/
dqg rqfh wr erxqg lw iurp ehorz1
44Wkh uhdvrq wkdw wkh dujxphqw lv uhvwulfwhg wr frpprglw| vsdfh orfdo wr wkh uhihuhqfh exqgoh
lv wkdw h{sdqvlrq sdwkv pd| furvv dqg xq0furvv dv wkh| pryh wkurxjk kljkhu ohyhov ri wrwdo
h{shqglwxuh1 Wkxv JDUS pd| eh uhmhfwhg iru/ vd| kljk lqfrph krxvhkrogv/ exw sdvv iru orz
lqfrph krxvhkrogv1 Wkh frqyhujhqfh ri wkh dojrulwkpv uhtxluhv wkdw JDUS lv qrw ylrodwhg lq
wkh uhjlrq durxqg wkh uhihuhqfh exqgoh1
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D vlpsoh wzr glphqvlrqdo looxvwudwlrq ri wkh dojrulwkpv wr frpsxwh wkh lp0
















^fc dqg khqfh ^ dqg ^2 duh gluhfwo| suhihuuhg wr
^f dqg duh dgghg wr‘ lq wkh uvw lwhudwlrq1 Wkh srlqw ^ zrxog dovr eh lghqwlhg


















^  ^f vr ^ pxvw eh deryh wkh lqglhuhqfh fxuyh dqg vr fdq eh lpsuryhg1 Lq
wkh qh{w lwhudwlrq zh frpsxwh srlqwv uhyhdohg suhihuuhg wr hdfk ri wkh +qrz wkuhh,
phpehuv ri ‘ ’ i^fc^ E% c^2 E%2j1 Wkh srlqwv uhyhdohg suhihuuhg wr ^f zloo
mxvw eh i^fc^ E% c^2 E% c^j djdlq1

















Wkhuh zloo eh dqrwkhu irxu srlqwv +rqh rq hdfk h{sdqvlrq sdwk lqfoxglqj
. E^fm%cTf zklfk lv qrw vkrzq, zklfk duh uhyhdohg suhihuuhg wr hdfk ri wkh rwkhu
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1 Wkhvh duh sodfhg lq -/ uhsodflqj wkh suhyl0




 exqgoh dw dq h{shqglwxuh ohyho E%















 -f ^2 E%

2
 dqg ^2 E%

2
 -f ^f jlyh ^ E%


 - ^f dqg wkh dojrulwkp hqgv
zlwk wkh xsshu erxqg looxvwudwhg dv wkh qh{w lwhudwlrq zloo qg qr lpsuryhphqwv/
- zloo eh lghqwlfdo wr‘ dqg . zloo eh dq hpsw| vhw1 Wkh exgjhw olqhv xvlqj hdfk








Zh wxuq qrz wr wkh uhodwlrqvkls ehwzhhq wkh +qrqsdudphwulf, Hqjho fxuyhv
deryh dqg wkh dyhudjh ghpdqgv iru d vhw ri khwhurjhqhrxv djhqwv1 Wkhuh duh
wzr dowhuqdwlyh zd|v ri lqwhusuhwlqj wkh lpsdfw ri khwhurjhqhlw| rq wkh dyhudjh
ghpdqgv hvwlpdwhg iurp Nhuqho Hqjho fxuyh uhjuhvvlrq1 Zh frxog dvvxph lqgl0
ylgxdo ghpdqgv duh udwlrqdo dqg wkhq dvn iru frqglwlrqv rq suhihuhqfhv dqg2ru
khwhurjhqhlw| wkdw lpso| udwlrqdolw| iru dyhudjh ghpdqgv1 Wklv lv wkh dssurdfk
ri PfHour| +4<;:,/ Eurzq dqg Zdonhu +4<<4, dqg Ohzeho +4<<9,1 Dowhuqdwlyho|/
zh frxog pdnh qr udwlrqdolw| dvvxpswlrqv rq lqglylgxdo ghpdqgv dqg vlpso| dvn
zkdw frqglwlrqv hqdeoh dyhudjh ghpdqgv wr vdwlvi| udwlrqdolw| surshuwlhv1 Wklv lv
wkh dssurdfk ri Kloghqeudqg +4<<7, dqg Judqgprqw +4<<5,1
Vxssrvh iru hdfk jrrg  zh zulwh dyhudjh exgjhw vkduhv dv
.im *?%cTj ’ s E*?%cT +614,
wkhq/ li zh ohw % uhsuhvhqw wkh yhfwru ri xqrevhuyhg khwhurjhqhlw| whupv/ d qhf0
45Qrwh wkdw wkh gdwd looxvwudwhg jlyh d jrrg ghdo ri lqirupdwlrq derxw wkh fxuydwxuh ri wkh
uhjlrq ri lqglhuhqfh dqg wkh erxqgv lq wkh zhoiduh hhfwv duh wljkwhqhg dv d uhvxow vlqfh zh fdq
qrz glvfdug wkh Sddvfkh xsshu erxqg iru wkh qhz sulfh yhfwru jlyhq e| wkh gdvkhg olqh1
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hvvdu| frqglwlrq iru wkh dyhudjh exgjhw vkduhv uhfryhuhg e| wkh qrqsdudphwulf
dqdo|vlv glvfxvvhg deryh wr eh htxdo wr dyhudjh exgjhw vkduhv lv wkdw=
 ’ s E*?%cT n  E*?%cT

% +615,
zkhuh . E%m *? cT ’ f1 Jlyhq wklv frpelqdwlrq ri ixqfwlrqdo irup uhvwulf0




|1 Qrwlfh wklv doorzv iru txlwh glhuhqw wdvwhv dfurvv djhqwv1 Lq sduwlf0
xodu/ wkh uvw0rughu sulfh dqg lqfrph uhvsrqvhv iru djhqwv fdq ydu| lq dq| zd|1
Wkxv d jrrg pd| eh d ox{xu| iru rqh shuvrq dqg d qhffhvvlw| iru dqrwkhu1
Wklv djjuhjdwlrq vwuxfwxuh lv yhu| glhuhqw wr wkrvh xvhg lq Jrupdq +4<87, dqg
Pxhooedxhu +4<:9,1 Lq sduwlfxodu/ zh duh qrw djjuhjdwlqj dfurvv glhuhqw lqfrphv1
Dgglwlrqdoo|/ zh duh qrw dvvxplqj wkdw lqglylgxdo ghpdqgv duh lqwhjudeoh> wkdw lv/
iru jlyhq % zh fdq kdyh wkdw wkh Voxwvn| frqglwlrqv pd| idlo iru  E*?%cTc %1 Lq
wklv uhvshfw/ rxu vwuxfwxuh lv forvhu wr wkdw ri Kloghqeudqg +4<<7, dqg Judqgprqw
+4<<5,1 Krzhyhu/ wkhlu dqdo|vlv vkrzv frqglwlrqv iru dyhudjh ghpdqgv wr vdwlvi|
wkh Zhdn D{lrp ri Uhyhdohg Suhihuhqfh +ZDUS/ vhh Yduldq +4<;5,, exw JDUS
uhtxluhv pruh1 Lq sduwlfxodu/ JDUS lpsolhv wkh Voxwvn| v|pphwu| frqglwlrqv1
Lq wkh khwhurjhqhlw| vwuxfwxuh jlyhq lq +615, deryh zh gr qrw lpsrvh wkdw lqgl0
ylgxdo ghpdqgv vdwlvi| wkh Voxwvn| frqglwlrqv1 Li/ krzhyhu/ zh zlvk wr lpsrvh
lqwhjudelolw| dw wkh lqglylgxdo ohyho wkhq wkhuh duh uhvwulfwlrqv rq wkh 

E%cT dqg
wkh glvwulexwlrq ri wkh khwhurjhqhlw| whupv +vhh PfHour| +4<;:, dqg Eurzq dqg
Zdonhu +4<;<,,1 Li doo suhihuhqfh sdudphwhuv duh wr eh khwhurjhqhrxv wkhq suhihu0
hqfhv duh uhvwulfwhg wr zkdw lv hvvhqwldoo| wkh fodvv ri Sljorj ghpdqgv +vhh Ohzeho
+4<<9,/ iru h{dpsoh,1
Wkh ixqfwlrq s E*?%cT jlyhv phdq uhvsrqvhv wr fkdqjhv lq sulfhv frqglwlrqdo
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rq d jlyhq ohyho ri wrwdo h{shqglwxuh1 Wkxv zh fdq xvh wklv ixqfwlrq iru srvlwlyh
dqdo|vlv/ iru h{dpsoh wr uhfryhu wkh uhyhqxh lpsolfdwlrqv iurp d fkdqjh lq wd{hv1
Dgglwlrqdoo|/ wkh xwlolw| ixqfwlrq wkdw lv dvvrfldwhg zlwk dq lqwhjudeoh vhw ri gh0
pdqgv s E*?%cT lv d sulph fdqglgdwh iru xvh lq htxloleulxp prghov wkdw dvvxph
d uhsuhvhqwdwlyh djhqw1 Lq rxu dqdo|vlv ehorz zh dsso| wkh JDUS whvwv wr wkh
phdq ixqfwlrq s E*?%cT1 Wkh uhdvrq wkdw zh duh lqwhuhvwhg lq whvwlqj iru JDUS
xvlqj wkhvh phdq uhvsrqvhv lv wkdw zlwkrxw vxfk d udwlrqdolw| frqglwlrq kroglqj/
lw lv gl!fxow wr vhh krz zh zrxog hyhu frqgxfw frkhuhqw zhoiduh dqdo|vlv ri sulfh
fkdqjhv1 Wkh khwhurjhqhlw| frqglwlrqv iru xvlqj wkh phdq ixqfwlrq iru zhoiduh
dqdo|vlv duh/ krzhyhu/ vwurqjhu wkdq wkh frqglwlrqv jlyhq lq +615, zklfk vx!fh iru
srvlwlyh dqdo|vlv1
Wr xqghuvwdqg wkh eldvhv wkdw ghulyh iurp xvlqj s E*?%cT wr frqgxfw zhoiduh
dqdo|vlv frqvlghu vhfrqg rughu dssur{lpdwlrq ri wkh orj frvw ixqfwlrq46 iru d qrq0







































































46Vhh Edqnv/ Eoxqghoo dqg Ohzeho +4<<9,/ iru h{dpsoh1
5:
zkhuh .i%%m%c Rj ’ l0
Wkh uvw wzr whupv rq wkh uljkw kdqg vlgh ri wklv h{suhvvlrq fdq eh frpsxwhg
xvlqj wkh phdq ixqfwlrq s E vr wkdw rxu phdq ixqfwlrq jlyhv phdq zhoiduh hhfwv
li wkh qdo eldv whup lv }hur1 Wklv zloo eh wkh fdvh li/ iru h{dpsoh/ wkh khwhurjhqhlw|
whup E*?%cT lv lqghshqghqw ri wrwdo h{shqglwxuh vr wkdw doo krxvhkrogv kdyh wkh
vdph pdujlqdo lqfrph hhfwv1 Qrwh/ krzhyhu/ wkdw wklv frqglwlrq lv vx!flhqw dqg
qrw qhfhvvdu|> zhdnhu dvvxpswlrqv vx!fh wr pdnh wkh eldv whup }hur ru vpdoo1
Wr looxvwudwh/ vxssrvh wkdw hdfk krxvhkrog*v suhihuhqfhv duh Sljorj1 Wklv fryhuv
wkh fodvv ri Doprvw Lghdo +vhh Ghdwrq dqg Pxhooedxhu +4<;3,, dqg Wudqvorj +vhh
Mrujhqvrq/ Odx dqg Vwrnhu +4<;5, ghpdqg v|vwhpv1 Wkh exgjhw vkduh iru jrrg 
fdq eh h{suhvvhg dv
 ’ k n KET n q E*?% *?T KET *?T iru  ’ c c ? +619,
zkhuh k dqg q duh suhihuhqfh sdudphwhuv KET lv d qrqvwrfkdvwlf pdwul{ ri
ixqfwlrqv ri sulfhv +ri zklfk KET lv wkh *wk urz, dqg  ’ Ekc k?
 Doorzlqj
k dqg q wr kdyh dgglwlyh udqgrp frpsrqhqwv  dqg # uhvshfwlyho| uhvxowv lq
d vkduh prgho zkhuh wkh uhvlgxdo whup lv jlyhq e|=
 ’   q *?Tn #

*?% En  *?T K ET *?T +61:,
Li zh dvvxph .Em *?%c *?T ’ fc .Em *?%c *?T ’ f dqg .Em *?%c *?T ’ f zh
kdyh wkh khwhurjhqhlw| vwuxfwxuh jlyhq lq +615,1 Krzhyhu/ qrwlfh dovr wkdw li wkh
khwhurjhqhlw| lv uhvwulfwhg wr wkh  whupv wkhq wkhuh duh qr *?% whupv lq wkh
khwhurjhqhlw| h{suhvvlrq +61:, dqg wkh eldv whup glvdsshduv1
Dq dowhuqdwlyh vwuxfwxuh lv vxjjhvwhg lq Khfnpdq +4<:7, dqg Eurzq dqg
Pdw}nlq +4<<8,1 Lq erwk ri wkhvh sdshuv wkh khwhurjhqhlw| lv lqwurgxfhg vr wkdw
5;
lw hqwhuv lq wr wkh uvw rughu frqglwlrqv lq d frqyhqlhqw zd|1 Vshflfdoo|/ wkhvh
dxwkruv doorz iru pxowlsolfdwlyh dqg dgglwlyh khwhurjhqhlw| whupv/ uhvshfwlyho|/ rq
wkh pdujlqdo xwlolw| ri hdfk jrrg471 Iru h{dpsoh/ Eurzq dqg Pdw}nlq kdyh=
vE^c% ’ [E^ n ^%
zkhuh [E lv wkh frpprq xwlolw| ixqfwlrq1 Wklv hhfwlyho| pdnhv wkh sulfh khw0
hurjhqhrxv vlqfh zh kdyh=
bR ’ vE^c % ’ [E^ n 0
Li khwhurjhqhlw| ri wklv irup lv lqwurgxfhg lq wr wkh vlpsoh DL prgho deryh lw
zloo eh vhhq wkdw wkh uhvxowlqj huuru whup grhv qrw idoo lq wkh vwuxfwxuh jlyhq lq
+615,1 Wkxv zh frxog qrw hvwlpdwh frqvlvwhqwo| wkh dyhudjh ri exgjhw vkduhv xvlqj
qrqsdudphwulf whfkqltxhv1 Eurzq dqg Pdw}nlq vxjjhvw dq dowhuqdwlyh vwudwhj|1
Lq jhqhudo wkh huuru whup lq +615, zloo uhsuhvhqw phdvxuhphqw dqg rswlplvdwlrq
huuru dv zhoo dv suhihuhqfh khwhurjhqhlw| vr lw zrxog vhhp qdwxudo wr zrun zlwk
orfdo dyhudjh ghpdqgv1 Dyhudjlqj orfdoo| wr hdfk % holplqdwhv xqrevhuyhg khwhur0
jhqhlw|/ phdvxuhphqw huuru dqg +}hur phdq, rswlplvdwlrq huuruv lq ghpdqgv exw
suhvhuyhv dq| qrqolqhdulwlhv lq wkh Hqjho fxuyh uhodwlrqvkls iru hdfk sulfh uhjlph1
71 Dq Hpslulfdo Lqyhvwljdwlrq rq Uhshdwhg Furvv0Vhfwlrqv
7141 Gdwd
Zh xvh uhshdwhg furvv0vhfwlrqv ri krxvhkrog0ohyho gdwd iurp wkh Eulwlvk Idp0
lo| H{shqglwxuh Vxuyh| +4<:7 wr 4<<6,1 Wkh IHV lv d udqgrp vdpsoh ri durxqg
47
Khfnpdq +4<:7, dfwxdoo| dggv d khwhurjhqhlw| whup wr wkh pdujlqdo udwh ri vxevwlwxwlrq exw
wklv fdq eh prghoohg dv jlyhq lq wkh wh{w1
5<
:/333 krxvhkrogv shu |hdu iurp zklfk d vxe0vdpsoh ri doo wkh wzr0dgxow krxvh0
krogv zlwk d fdu zdv gudzq481 Wkh uvw dqg odvw shufhqwlohv ri wkh zlwklq0|hdu
wrwdo h{shqglwxuh glvwulexwlrq lq wklv vxe0vdpsoh zdv wkhq wulpphg rxw1 Wklv
ohdyhv 8;/<7: krxvhkrogv +ehwzhhq 5/973 dqg 6/575 lq hdfk |hdu,1 H{shqglwxuhv
rq qrq0gxudeoh jrrgv e| wkhvh krxvhkrogv zhuh djjuhjdwhg lqwr 55 frpprglw|
jurxsv dqg fkdlqhg Odvsh|uhv sulfh lqglfhv iru wkhvh jurxsv zhuh fdofxodwhg iurp
wkh vxe0lqglfhv ri wkh XN Uhwdlo Sulfh Lqgh{ jlylqj 53 dqqxdo sulfh srlqwv iru
hdfk jurxs ri jrrgv1
Wkh frpprglw| jurxsv duh qrq0gxudeoh h{shqglwxuhv jurxshg lqwr= ehhu/ zlqh/
vslulwv/ wredffr/ phdw/ gdlu|/ yhjhwdeohv/ euhdg/ rwkhu irrgv/ irrg frqvxphg rxw0
vlgh wkh krph/ hohfwulflw|/ jdv/ dgxow forwklqj/ fkloguhq*v forwklqj dqg irrwzhdu/
krxvhkrog vhuylfhv/ shuvrqdo jrrgv dqg vhuylfhv/ ohlvxuh jrrgv/ hqwhuwdlqphqw/
ohlvxuh vhuylfhv/ iduhv/ prwrulqj dqg shwuro1 Pruh suhflvh ghqlwlrqv dqg ghvfuls0
wlyh vwdwlvwlfv duh surylghg Wdeohv D14 dqg D15 lq wkh Gdwd Dsshqgl{1
7151 Vhplsdudphwulf Hvwlpdwlrq dqg Revhuyhg Khwhurjhqhlw|
D srsxodu dssurdfk wr vhplsdudphwulf hvwlpdwlrq lv wr xvh wkh iroorzlqj
sduwldoo| olqhdu exgjhw vkduh uhjuhvvlrq +zh gurs wkh  vxevfulswv ghqrwlqj jrrgv
iru frqyhqlhqfh,
 ’ }E*?% n 3 n 0 +714,
lq zklfk 3 uhsuhvhqwv d olqhdu lqgh{ lq whupv ri d qlwh yhfwru ri revhuydeoh
h{rjhqrxv uhjuhvvruv 3 dqg xqnqrzq sdudphwhu yhfwru  Khuh zh pd| dvvxph
.E0m3c *?% ’ f dqg T @oE0m3c *?% ’ j2E 3c *?% Iroorzlqj Urelqvrq +4<;;,/ d
48
Wklv zdv lq rughu wr doorz xv wr lqfoxgh prwrulqj dqg sduwlfxoduo| shwuro dv frpprglw|
jurxsv1
63
vlpsoh wudqvirupdwlrq ri wkh prgho fdq eh xvhg wr jlyh dq hvwlpdwru iru  Wdnlqj
h{shfwdwlrqv ri +714, frqglwlrqdo rq *?%/ dqg vxewudfwlqj iurp +714, |lhogv
 .Em *?% ’ E3 .E3m *?% n 0 +715,





E*?% uhvshfwlyho|/ wkh ruglqdu| ohdvw vtxduhv hvwlpdwru iru  lv
s
? frqvlvwhqw dqg dv|pswrwlfdoo| qrupdo
Wkh hvwlpdwru iru }E*?% lv wkhq vlpso|
e}E*?% ’ e6 E*?% e45E*?%e +716,
Vlqfh e frqyhujhv dw s? wkh dv|pswrwlf glvwulexwlrq uhvxowv iru e}E*?% uhpdlq






Dowkrxjk wkh sduwldoo| olqhdu prgho lq +714, orrnv dwwudfwlyh/ lq wklv vhwwlqj lw
wxuqv rxw wkdw lpsrvlqj wkh lqwhjudelolw| frqglwlrqv uhtxluhv wkdw } E eh olqhdu1













Qrz vxssrvh wkdw exgjhw vkduhv kdyh d irup wkdw lv dgglwlyh lq ixqfwlrqv ri *?%
dqg ghprjusklfv/ mxvw dv lq +714,=
 E*?Tc *?%c 3 ’ 
 E*?Tc 3 n } E*?Tc *?% +718,
Zh wkhq kdyh wkh iroorzlqj sursrvlwlrq491
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Lq zkdw iroorzv ohw j
l
} / iru h{dpsoh/ ghqrwh wkh yhfwru ri sduwldo ghulydwlyhv rj j
l +=, zlwk
uhvshfw wr wkh yhfwru ri ghprjudsklf }1
64
Sursrvlwlrq 91 Li wkh exgjhw vkduhv wdnh wkh irup +718, dqg +l, Voxwvn| v|pphwu|
+717, krogv +ll, wkh hhfwv ri ghprjudsklfv rq exgjhw vkduhv duh xquhvwulwhg lq wkh
vhqvh wkdw }
5
fdq wdnh dq| ydoxh/ wkhq } E lv olqhdu lq *?%=
} E*?Tc *?% ’ h} E*?T n e} E*?T *?%





































qrq0}hur/ zklfk lpsolhv wkdw }
%%
’ f vr wkdw  E*?Tc *?% lv olqhdu lq
*?%1
Wklv ghprqvwduwhv wkdw wkh dgglwlyh irup jlyhq lq +714, zloo rqo| eh frqvlvwhqw
zlwk xwlolw| pd{lplvdwlrq li zh uhvwulfw wkh zd| lq zklfk ghprjudsklfv dhfw
exgjhw vkduhv/ ru li suhihuhqfhv duh Sljorj1
Wkhuh lv/ krzhyhu/ d vlplodu irup wkdw lv  h{leoh dqg dovr frqvlvlwhqw zlwk xwlolw|
pd{lplvdwlrq1 Wklv lv wkh wudqvodwhg dgglwlyh irup iru zlwklq0shulrg uhvsrqvhv=
f ’ k E3 n } E*?%  E3 +719,
Exgjhw vkduhv +719, duh d jhqhudolvdwlrq ri wkh sduwldoo| olqhdu prgho1 Lqwhuhvw0
lqjo| wklv lv suhflvho| wkh vkdsh lqyduldqfh h{whqvlrq wr wkh sduwldoo| olqhdu prgho
frqvlghuhg lq wkh zrun rq srrolqj qrqsdudphwulf uhjuhvvlrq fxuyhv lq Kdugoh dqg
Pduurq +4<<3, dqg Slqvnh dqg Urelqvrq +4<<8,1 Wklv dqdo|vlv kdv uhfhqwo| ehhq
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dssolhg wr wkh hvwlpdwlrq ri htxlydohqfh vfdohv lq wkh sdshuv e| Shqgdnxu +4<<:,
dqg Eoxqghoo/ Gxqfdq dqg Shqgdnxu +4<;;,1 Wkh| qrwh wkdw lqghshqghqfh ri edvh
htxlydohqfh vfdohv uhvxowv lq +719, zlwk orj htxlydohqfh vfdohv jlyhq e| E5
Vxssrvh 5 lv glvfuhwh/ dqg E5 ’ 5 dqg kE5 ’ k5 zlwk d edvh jurxs ghqhg
dw 5 htxdo wr }hur1 Vxssrvh dovr wkdw wkh xquhvwulfwhg qrqsdudphwulf uhjuhvvlrq









Wkh uhvwulfwlrqv iru wkh h{whqghg sduwldoo| olqhdu prgho +719, pd| eh zulwwhq
}5
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E*?% 5 n ks sf E*?% 5 +71<,
Slqvnh dqg Urelqvrq +4<<8, hvwdeolvk dv|pswrwlf frqyhujhqfh uhvxowv iru wkh






E*?%(kc E*?%_ *?% +7143,
zkhuh









E*?%  ks sf E*?%  +7144,
7161 Hqgrjhqhlw| lq orj h{shqglwxuh
Wr dgmxvw iru hqgrjhqhlw| zh dgdsw wkh srsxodu dxjphqwhg uhjuhvvlrq whfk0
qltxh +vhh Kroo| dqg Vdujdq +4<;5,/ iru h{dpsoh, wr wkh vhplsdudphwulf iudph0
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zrun1 Lq sduwlfxodu/ vxssrvh % lv hqgrjhqrxv lq wkh vhqvh wkdw
.E0m *?% 9’ f ru .Em *?% 9’ }E*?% +7145,
Lq wklv fdvh wkh qrqsdudphwulf hvwlpdwru zloo qrw eh frqvlvwhqw iru wkh ixqfwlrq ri
lqwhuhvw1 Lw zloo qrw surylgh wkh dssursuldwh frxqwhuidfwxdo= krz gr h{shqglwxuh
vkduh sdwwhuqv fkdqjh iru vrph jlyhq fkdqjh lq wrwdo h{shqglwxuhB Krzhyhu/
vxssrvh wkhuh h{lvwv d yduldeoh l vxfk wkdw
*?% ’ Zl n  zlwk .Eml ’ f +7146,
Pruhryhu/ dvvxph wkh iroorzlqj olqhdu frqglwlrqdo prgho krogv
 ’ }E*?% n 4n 0 +7147,
zlwk
.E0m *?% ’ f +7148,
Qrwh wkdw
 .Em *?% ’ E  .Em *?%4n 0 +7149,
Wkh hvwlpdwru ri }E*?% lv jlyhq e|
e}E*?% ’ e6 E*?% e6E*?%e4 +714:,
Lq sodfh ri wkh xqrevhuydeoh huuru frpsrqhqw  zh xvh wkh uvw vwdjh uhvlgxdov
e ’ *?% leZ +714;,
zkhuh eZ lv wkh ohdvw vtxduhv hvwlpdwru ri Z Vlqfh eZ dqg e4 frqyhujh dw s?




E*?%41 Pruhryhu/ d whvw ri wkh h{rjhqhlw| qxoo Mf G 4 ’ f/ fdq eh frqvwuxfwhg
iurp wklv ohdvw vtxduhv uhjuhvvlrq1
Qhzh|/ Srzhoo dqg Yhood +4<<8, kdyh ghyhorshg d jhqhudolvdwlrq ri wklv lghd
iru wuldqjxodu vlpxowdqhrxv htxdwlrq v|vwhpv ri wkh w|sh frqvlghuhg khuh1 Wkh|
dgrsw d vhulhv dssurdfk wr wkh hvwlpdwlrq ri wkh uhjuhvvlrq ri  rq *?% dqg 1 Wklv
jhqhudolvhv wkh irup ri +7147, dqg doorzv dq dvvhvvphqw ri wkh dgglwlyh vwuxfwxuh1
Wkh| dovr xvh d qrqsdudphwulf uhjuhvvlrq iru wkh uhgxfhg irup lq sodfh ri wkh
olqhdu prgho +7146,1 Lq rxu dssolfdwlrq zh frqvlghu h{whqglqj wkh prgho dorqj
wkhvh olqhv e| lqfoxglqj kljkhu rughu whupv lq wkh uhvlgxdov  dqg wkhq whvwlqj wkh
sduwldoo| olqhdu vshflfdwlrq +7147, djdlqvw wklv pruh jhqhudo dgglwlyh uhfxuvlyh
dowhuqdwlyh +vhh dovr Eoxqghoo dqg Gxqfdq +4<<;,,1 Wkh uvw0vwdjh uhvlgxdo
2
 lq lv
fdofxodwhg xvlqj wkh orj ri glvsrvdeoh lq frph lv xvhg dv wkh h{foxghg lqvwuxphqwdo
yduldeoh1
7171 Hvwlpdwhg Hqjho Fxuyhv dqg Qrupdolw|
Wkh wkuhh jxuhv +714, wr +716, vkrz wkh hvwlpdwhg Hqjho fxuyhv +exgjhw
vkduh djdlqvw orj wrwdo qrplqdo h{shqglwxuh, iru 6 ri rxu 55 frpprglwlhv/ iru 6 ri
rxu 53 shulrgv +4<:8 +flufohv,/ 4<;3 +vtxduhv,/ 4<;8 +wuldqjohv,,1 Wkhvh uhsuhvhqw
d w|slfdo qhfhvvlw| +euhdg,/ d ox{xu| +hqwhuwdlqphqw, dqg ehhu zklfk glvsod|v d
urxjko| txdgudwlf orjdulwkplf Hqjho fxuyh ehkdylrxu1
Rq hdfk Hqjho fxuyh zh sorw wkh srlqwv rq wkh fkurqrorjlfdo VPS sdwkv zklfk
fruuhvsrqg wr wkh 4vw/ 43wk/ 58wk/ 83wk/ :8wk/ <3wk dqg <<wk shufhqwloh srlqwv lq
wkh edvh |hdu +4<:7,1 Srlqwzlvh <8( frqghqfh edqgv dw wkhvh srlqwv duh dovr
gudzq1 Qrwh wkdw/ dv zh zrxog h{shfw/ wkh suhflvlrq lv pxfk orzhu dw wkh wdlov
ri wkh rxwod| glvwulexwlrq1 Wkh ohiw wr uljkw guliw ri wkh Hqjho fxuyhv dssduhqw
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lq wkhvh jxuh looxvwudwhv wkh jurzwk lq qrplqdo h{shqglwxuh zklfk wrrn sodfh
ehwzhhq wkhvh shulrgv1
Iljxuh 714= Wkh Hqjho fxuyh iru Euhdg
Iljxuh 715= Wkh Hqjho fxuyh iru Hqwhuwdlqphqw
Qrupdolw| ri ghpdqgv zdv qhfhvvdu| iru wkh surri ri wkh surshuwlhv ri wkh VPS
sdwk zklfk zh lqwhqg wr h{sorlw lq rxu whvw ri JDUS1 Qrq0sdudphwulf uhjuhvvlrqv
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Iljxuh 716= Wkh Hqjho fxuyh iru Ehhu
ri txdqwlw| ghpdqghg iru hdfk frpprglw| iru 6 |hduv ri gdwd djdlqvw orj wrwdo
vshqglqj duh suhvhqwhg lq Dsshqgl{ D iru 4<:8/ 4<;3 dqg 4<;81 Wkhuh duh qr
lqvwdqfhv ri jrrgv ehkdylqj dv lqihulru jrrgv1 Wkh |hduv looxvwudwhg duh w|slfdo1




Zh surfhhg e| hvwlpdwlqj qrq0sdudphwulf Hqjho fxuyhv iru hdfk frpprg0
lw| jurxs zlwklq hdfk wlph shulrg dqg fdofxodwh }
|
E*?%| dw ydulrxv frpsdulvrq
srlqwv lq wkh wrwdo h{shqglwxuh glvwulexwlrq1 Zh dovr frqwuro iru wkh qxpehu ri fklo0
guhq lq wkh krxvhkrog dv ghvfulehg lq vhfwlrq 715 deryh1 Lq wkh uvw |hdu ri rxu gdwd
zh vhohfwhg wkh frpsdulvrq srlqwv wr eh dw wkh 4vw shufhqwloh/ 4vw ghfloh/ 4vw txdu0
wloh/ phgldq/ 6ug txduwloh/ <wk ghfloh dqg <<wk shufhqwloh srlqwv1 Wkh frpsdulvrq
srlqwv iru wkh iroorzlqj |hduv zhuh fkrvhq wr pd{lplvh wkh srzhu ri wkh whvw rq d
6:
fkurqrorjlfdo VPS sdwk zklfk rughuv wkh gdwd dffruglqj wr ^|n -
f ^| -
f ^|3 dv
ghvfulehg deryh1 E| Sursrvlwlrq 4 zh nqrz wkdw li wklv sdwk sdvvhv JDUS wkhq
qr sdwk zklfk suhvhuyhv wkh vdph suhihuhqfh rughulqj zloo ylrodwh JDUS1 Zh dovr
suhvhqw wkh dqqxdo phgldq dqg phdq +qrq0VPS, sdwkv iru frpsdulvrq1 Zh ghqh
d EA  A  lqglfdwru pdwul{ 6 dqg frpsxwh wkh wudqvlwlyh forvxuh h6 lq zklfk zh
nqrz wkdw e| frqvwuxfwlrq ri wkh VPS sdwk hyhu| hohphqw lq wkh orzhu wuldqjoh
pxvw eh rqh vlqfh hlwkhu ^| - ^|3 ru ^|  ^|31 Zh wkhq fkhfn iru uhmhfwlrqv lq wkh
fruuhvsrqglqj gluhfw dqg wudqvlwlyh frpsdulvrqv l1h1 li ^| - ^|3 Eru ^|  ^|3lq
wkh orzhu wuldqjoh wkhq ^|3  ^| Eru ^|3 - ^| lq wkh xsshu wuldqjoh lqglfdwhv d
uhmhfwlrq ri JDUS1
Wdeoh 714= Qxpehu ri uhmhfwlrqv ri JDUS/ e| vl}h ri whvw1
Frpsdulvrq sdwkv Vl}h ri whvw
Udz 31633 31533 31433 31383 31343
VPS sdwk vwduwlqj srlqwv=
4vw shufhqwloh srlqw 4 4 4 3 3 3
4vw ghfloh srlqw 4 4 4 4 4 3
4vw txduwloh srlqw 4 4 3 3 3 3
Phgldq 4 4 4 4 4 4
6ug txduwloh srlqw 5 5 5 3 3 3
<wk ghfloh srlqw 44 9 9 6 4 4
<<wk shufhqwloh srlqw 5; 54 54 4 3 3
Phgldq 3 3 3 3 3 3
Phdq 3 3 3 3 3 3
Wdeoh 714 vkrzv wkh qxpehu dqg sdwwhuq ri uhmhfwlrqv iru wkh rxu ixoo exgjhw
v|vwhp ri 55 jrrgv1 Hdfk froxpq uhihuv wr d glhuhqw vl}h ri whvw dw hdfk srlqw1
6;
Dv fdq eh vhhq/ JDUS lv uhmhfwhg iru d odujh qxpehu ri srlqwv lq wkh xsshu wdlo ri
wkh rxwod| glvwulexwlrq exw wkhvh uhmhfwlrqv duh qrw yhu| cvljqlfdqw* vwdwlvwlfdoo|1
JDUS lv/ krzhyhu/ uhmhfwhg lq wkh gdwd dw wkh 4( ohyho iru wkh phgldq VPS sdwk
dqg wkh VPS sdwk vwduwlqj dw wkh <wk ghfloh srlqw1 Krzhyhu/ lq hdfk fdvh/ wkh
uhmhfwlrq rqo| rffxuv iru d vlqjoh frpsdulvrq srlqw dqg/ h{fhsw iru wklv srlqw/ wkh
odujh qxpehu ri uhmhfwlrqv lq wkh udz gdwd duh frqvlghudeo| uhgxfhg e| wkh xvh ri
srlqwzlvh frqghqfh edqgv1
Lw lv lqwhuhvwlqj wr revhuyh wkdw wkhuh duh qr uhmhfwlrqv hyhq lq wkh udz gdwd
iru wkh phgldq ru phdq +qrq0VPS, sdwkv1 Wklv lv frqvlvwhqw zlwk wkh revhuydwlrq
zklfk dulvhv lq whvwv ri JDUS rq djjuhjdwh gdwd wkdw li wkh exgjhw frqvwudlqw
lv doorzhg wr vkliw pxfk hlwkhu zd| ehwzhhq frpsdulvrq srlqwv/ dv lw grhv iru
phgldq ru phdq wrwdo h{shqglwxuh/ wkhq wkhuh lv olwwoh fkdqfh ri ehlqj deoh wr qg
ghpdqgv wkdw fdqqrw eh udwlrqdolvhg1
Iurp wkh JDUS whvw uhvxowv zh qrwh wkdw wkhuh duh pdq| uhmhfwlrqv ri uhyhdohg
suhihuhqfh frqglwlrqv lq wkh xsshu wdlo ri wkh wrwdo h{shqglwxuh glvwulexwlrq dqg
d ihz lq wkh plggoh1 Dv glvfxvvhg deryh wkh dojrulwkpv zh suhvhqw zklfk duh
ghvljqhg wr erxqg zhoo0ehkdyhg lqglhuhqfh fxuyhv zloo rqo| frqyhujh li wkhuh duh
zhoo0ehkdyhg lqglhuhqfh fxuyhv wr erxqg1 Jlyhq wkh uhmhfwlrq ri JDUS lq wkh
udz gdwd wkh dojrulwkpv zloo qrw eh deoh wr qg frkhuhqw lqglhuhqfh fxuyhv xvlqj
gdwd iru wkh hqwluh shulrg1 Krzhyhu/ zh fdq uxq wkh dojrulwkpv iru qrq0uhmhfwlqj
vxe0shulrgv dqg wkh uhvxowv ri wklv duh suhvhqwhg lq Wdeoh 7151
Wkh wdeoh vkrzv wkh odujhvw frqwlqxrxv vxe0shulrg lq zklfk wkh dojrulwkpv
duh deoh wr erxqg wkh lqglhuhqfh fxuyh1 Iru h{dpsoh/ iru wkh vwduwlqj srlqw dw
6<
Wdeoh 715= Frqwlqxrxv shulrgv ri frqyhujhqfh1
Shulrgv








phgldq wrwdo rxwod| lq 4<:7 zh duh deoh wr erxqg d fxuyh xvlqj wkh h{sdqvlrq
sdwkv dqg sulfh gdwd iru 4<:7 wr 4<;8 lqfoxvlyh/ dqg xvlqj dq| ri wkh shulrgv
zlwklq wkh lqwhuydo dv wkh edvh1 Li zh dgg 4<;9 wr wkh vhw ri dgplvvleoh shulrgv
wkh dojrulwkp idlov wr frqyhujh +zh douhdg| nqrz iurp wkh VPS sdwk wkdw 4<;8
dqg 4<;9 duh qrw udwlrqdolvdeoh,1 Zh wkhq vwduw djdlq xvlqj wkh 4<;9 srlqw rq wkh
phgldq VPS sdwk dv rxu vwduwlqj srlqw1 Lq doo/ iru wkh phgldq zh qg wkh hqwluh
shulrg euhdnv grzq lqwr wzr vxe0shulrgv zlwklq zklfk zh duh deoh wr erxqg dq
lqglhuhqfh fxuyh1 Vlploduo| wkh 4vw dqg <wk ghfloh sdwkv euhdn lqwr wzr dqg irxu
vxe0shulrgv uhvshfwlyho|/ zkloh wkh <<wk shufhqwloh euhdnv grzq lqwr yh1
Doorzlqj iru Fkdqjhv lq Suhihuhqfhv
Wkh JDUS whvw lwvhoi jlyhv xv qr foxh dv wr wkh jrrg ru jrrgv zklfk duh fdxvlqj
wkh uhmhfwlrq1 Zh fkrrvh wredffr dv rxu frqglwlrqlqj jrrg dqg dujxh wkdw zh
kdyh uhdvrqdeoh sulru eholhi wkdw suhihuhqfhv iru wredffr pd| kdyh fkdqjhg ryhu
wkh shulrg zlwk wkh duulydo ri qhz lqirupdwlrq rq wkh khdowk hhfwv ri vprnlqj1
Zh dsso| wkh frqglwlrqlqj surfhgxuh wr wkh Phgldq VPS sdwk wr wkh sdwk ri
ghpdqgv looxvwudwhg ehorz1 Wklv doorzv xv wr dffrxqw iru fkdqjhv suhihuhqfhv
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Iljxuh 717= Wkh phgldq VPS txdqwlw| sdwk iru wredffr1
e| fdofxodwlqj dq dgmxvwhg sulfh iru wredffr zklfk lv frqvlvwhqw zlwk JDUS dqg
vkrxog/ iru h{dpsoh/ doorz wkh uxq ri qrq0uhmhfwlqj shulrgv wr eh h{whqghg sdvvhg
wkh uvw uhmhfwlrq rq wkh phgldq VPS sdwk1





^HS zkloh wkh fkurqr0





^HD1 Iljxuh 717 vkrzv wkh txdqwlw| ri
wredffr ghpdqghg rq wkh phgldq VPS h{shqglwxuh sdwk1 Ehwzhhq 4<;8 dqg
4<;9 txdqwlw| ghpdqghg idoov e| ;1<(1 Dw wkh vdph wlph wkhuh lv d sulfh lqfuhdvh
ri mxvw :174(1 Wkh plqlpxp qhfhdvvdu| dgmxvwphqw ri wkh sulfh vxfk wkdw lw udwlr0
qdolvhv wkh ghpdqg idoo lv vxfk wkdw wkh yluwxdo sulfh lqfuhdvhv e| 4:18( ehwzhhq
4<;8 dqg 4<;91
Wdeoh 716 ehorz uhsruw wkh uhvxowv iru wkh uh0uxq ri wkh JDUS whvw zlwk wkh
dfwxdo sulfh vhulhv iru wredffr uhsodfhg e| wkh yluwxdo sulfh lq 4<;81 Ri frxuvh
wklv dgmxvwphqw fkdqjhv wkh uhodwlyh sulfhv qrw mxvw ehwzhhq wkh |hduv lq txhvwlrq
+;82;9,/ exw ehwzhhq 4<;8 dqg hyhu| rwkhu |hdu1 Ixuwkhu/ jlyhq wkdw wkh frq0
ghqfh lqwhuydov iru wkh sdluzlvh whvwv duh edvhg rq sulfh0zhljkwhg vxpv ri nhuqho
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uhjuhvvlrqv/ fkdqjhv lq wkh sulfhv fdq dhfw wkh vwdqgdug huuru ri wkh sulfh2ghpdqg
exqgohv dqg fkdqjhv wkh uhvxowv ri wkh vwdwlvwlfdo whvwv ri JDUS1 Wdeoh 716 uhsruwv
wkh qhz hydoxdwlrq ri JDUS lq zklfk wkh sulfh ri wredffr lq 4<;8 lv uhsodfhg e|
lwv yluwxdo sulfh1 Orrnlqj dw wkh froxpq ri uhmhfwlrqv ri JDUS lq wkh udz gdwd zh
vhh wkdw wklv fkdqjh kdv dovr fruuhfwhg uhmhfwlrqv rq wkh 4vw dqg 6ug txduwloh VPS
sdwkv1 Wklv lv ehfdxvh wkhvh uhmhfwlrqv dovr uhihuuhg wr wkh ;82;9 frpsdulvrqv dqg
lq hdfk fdvh wkh plqlpxp yluwxdo sulfh dgmxvwphqw wr wkh wredffr sulfh zdv ohvv
wkdq wkdw uhtxluhg e| wkh phgldq sdwk1 Wkh dgmxvwphqw iru wkh 4vw txduwloh VPS
sdwk zdv vxfk wkdw/ lq rughu wr udwlrqdolvh wkh :19( ghpdqg idoo/ d plqlpxp sulfh
lqfuhdvh ri <1<( zdv uhtxluhg1 Wkh dgmxvwphqw iru wkh 6ug txduwloh VPS sdwk zdv
vxfk wkdw/ lq rughu wr udwlrqdolvh wkh 4418( ghpdqg idoo/ d plqlpxp sulfh lqfuhdvh
ri 45( zdv uhtxluhg1
Wdeoh 716= Qxpehu ri uhmhfwlrqv ri JDUS/ e| vl}h ri whvw/ yluwxdo sulfh ri wredffr
+4<;8,1
Frpsdulvrq sdwkv Vl}h ri whvw
Udz 31633 31533 31433 31383 31343
VPS sdwk vwduwlqj srlqwv=
4vw shufhqwloh srlqw 4 4 4 3 3 3
4vw ghfloh srlqw 4 4 4 4 4 3
4vw txduwloh srlqw 3 3 3 3 3 3
Phgldq 3 3 3 3 3 3
6ug txduwloh srlqw 4 4 4 3 3 3
<wk ghfloh srlqw 43 9 9 6 4 3
<<wk shufhqwloh srlqw 5; 48 48 4 3 3
Phgldq 3 3 3 3 3 3
Phdq 3 3 3 3 3 3
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Erxqgv rq wkh Wuxh Frvw0ri0olylqj Lqgh{
Xvlqj wkh yluwxdo sulfh ri wredffr iru wkh phgldq VPS sdwk zh ghulyh JDUS0
edvhg erxqgv rq wkh frvw0ri0olylqj lqgh{ ryhu wkh shulrg 4<:7 wr 4<<6 xvlqj zhoiduh
dw 4<:7 phgldq wrwdo h{shqglwxuh dv rxu uhihuhqfh zhoiduh ohyho1 Wkh uhvxowv duh
uhsruwhg lq Wdeohv 717 dqg 7181 Wdeoh 717 vxppdulvhv vrph srsxodu sdudphwulf
lqglfhv/ vrph ri zklfk uhsuhvhqw uvw0rughu/ dqg vrph ri zklfk uhsuhvhqw vhfrqg0
rughu dssur{lpdwlrqv wr wuxh lqglfhv edvhg rq dq| duelwudu| frvw0ixqfwlrq1 Wkhvh
lqglfhv fdq dovr eh wkrxjkw ri dv fruuhvsrqglqj h{dfwo| wr wuxh lqglfhv xqghu
ydulrxv dvvxpswlrqv uhjduglqj wkh suhflvh irup ri suhihuhqfhv +wkh Sddvfkh dqg
Odvsh|uhv/ iru h{dpsoh/ duh h{dfw iru Ohrqwlhi suhihuhqfhv/ wkh Wøuqtylvw lv h{dfw
iru wudqvorj,1Wdeoh 718 uhsruwv ydulrxv qrqsdudphwulf erxqgv zklfk kdyh ehhq
vxjjhvwhg lq wkh olwhudwxuh dqg wkh JDUS0edvhg erxqgv +lq wkh qdo froxpq,
ghulyhg xvlqj wkh dojruwklpv ghvfulehg deryh1
Wdeoh 718 uhsruwv wkh erxqgv rq wkh wuxh 4<:7 phgldq zhoiduh0edvhg frvw ri
olylqj lqgh{ zklfk fdq eh ghulyh zlwkrxw dq| dvvxpswlrq rq ixqfwlrqdo irupv1
Wkh erxqgv surylghg e| Ohuqhu +4<68069, duh vlpso| wkdw wkh wuxh lqgh{ +ehlqj
d zhljkwhg dyhudjh ri sulfh fkdqjhv, pxvw olh vrphzkhuh ehwzhhq wkh pd{lpxp
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Sroodn +4<:4, lpsuryhv wklv e| olqnlqj Ohuqhu*v uhvxow zlwk wkh ruljlqdo Nrqÿv
+4<57, uhvxow wkdw wkh Odvsh|uhv lqgh{ dssur{lpdwhv wkh wuxh edvh0uhihuhqfhg frvw




















Wkh erxqgv iurp fodvvlfdo uhyhdohg suhihuhqfh +JDUS, uhvwulfwlrqv ri wkh w|sh
xvhg e| Yduldq +4<;5, +l1h1 wkrvh zklfk xwlolvh wkh uhvwulfwlrqv lpsolhg e| sulfhv
dqg ghpdqgv dw revhuyhg dqqxdo phdq h{shqglwxuhv wr erxqg d ohyho vhw ri xwlolw|
lq frpprglw| vsdfh, duh uhsruwhg lq wkh qh{w froxpq dqg wkh erxqgv ghulyhg
iurp wkh surfhgxuh zh ghvfuleh deryh duh uhsruwhg lq qdo froxpq1
Wdeoh 717= JDUS erxqgv dqg srsxodu sulfh lqglfhv/ 4<:7 wr 4<<6> yluwxdo sulfh
ri wredffr +4<;8,1
\hdu Sddvfkh Odvsh|uhv Ilvkhu*v Wùuqtylvw Wùuqtylvw Glylvld Glylvld
+Fkdlqhg, +Fkdlqhg,
:7 4333 4333 4333 4333 4333 4333 4333
:8 4548 4565 4556 4556 4553 4559 4556
:9 4849 4863 4856 4856 4853 485< 485;
:: 4:95 4:;: 4::8 4::7 4::7 4:;4 4:;6
:; 4<64 4<8: 4<77 4<77 4<79 4<83 4<93
:< 53;9 544< 5435 5435 5439 5439 5454
;3 5796 5847 57;; 57;< 57<6 57<7 5847
;4 5:;3 5;74 5;43 5;45 5;47 5;66 5;74
;5 63<6 64;< 6473 6476 647; 649; 64:;
;6 6593 66;4 6653 6658 666: 6694 66:4
;7 673; 688; 67;5 67;; 67<; 685: 6867
;8 6874 6:3< 6957 6966 6979 69:7 69;8
;9 6:33 6<44 6;37 6;45 6;66 6;7; 6;:8
;: 6;58 7368 6<5< 6<69 6<79 6<;8 6<<3
;; 6<55 7496 7374 7385 7397 7436 7445
;< 6746 76:< 7586 7595 75:3 765: 7654
<3 7739 799< 7869 7883 7886 7956 793:
<4 7:56 8377 7;;4 7;<; 7<3: 7<;; 7<99
<5 7<<9 876: 8545 8569 858; 867: 8655
<6 84:: 8983 873< 8763 875; 88;5 87<;
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Wdeoh 718= JDUS erxqgv dqg rwkhu qrqsdudphwulf erxqgv/ 4<:7 wr 4<<6> yluwxdo
sulfh ri wredffr +4<;8,1
\hdu Ohuqhu Sroodn Fodvvlfdo US JDUS
:7 4333 4333 4333 4333
:8 ^4358/4:54` ^4358/4565` ^4539/4565` ^4548/455;`
:9 ^44;5/4<;8` ^44;5/4863` ^4764/4863` ^4848/4863`
:: ^456</58<3` ^456</4:;:` ^4:33/4:;:` ^4:96/4:;4`
:; ^46;8/5846` ^46;8/4<8:` ^4;<7/4<8:` ^4<6:/4<8:`
:< ^4794/5969` ^4794/544<` ^538;/544<` ^53<7/544<`
;3 ^4:67/6475` ^4:67/5847` ^5775/5847` ^57:</583<`
;4 ^4::3/73::` ^4::3/5;74` ^59;:/5;74` ^5;35/5;6;`
;5 ^4;54/75;:` ^4;54/64;<` ^5<;6/64;<` ^6457/64:5`
;6 ^4;5;/7<57` ^4;5;/66;4` ^64<:/66;4` ^6649/669<`
;7 ^4:<3/7<54` ^4:<3/688;` ^665</688;` ^67:7/6863`
;8 ^4;69/8355` ^4;69/6:3<` ^655;/6:3<` ^6955/69;5`
;9 ^4<33/8796` ^4<33/6<44` ^663;/6<44` ^6;3</6;:6`
;: ^4<53/937<` ^4<53/7368` ^6633/7368` ^6<4</6<;;`
;; ^4<56/9476` ^4<56/7496` ^66:3/7496` ^736:/743<`
;< ^4<<9/96<:` ^4<<9/76:<` ^6689/76:<` ^7574/764;`
<3 ^53:</996:` ^53:</799<` ^6736/799<` ^7854/7936`
<4 ^543</:83:` ^543</8377` ^6<44/8377` ^7;:3/7<94`
<5 ^53<4/;686` ^53<4/876:` ^6;;;/876:` ^8545/8649`
<6 ^5399/<3<;` ^5399/8983` ^6;74/8983` ^86:</87<4`
Zh qg/ dv glg Yduldq +4<;5, dqg Pdqvhu dqg PfGrqdog +4<;;, wkdw fodv0
vlfdo qrq0sdudphwulf2uhyhdohg suhihuhqfh erxqgv edvhg rq wkh dyhudjh ghpdqg
gdwd jlyhv olwwoh dgglwlrqdo lqirupdwlrq rq wkh fxuydwxuh ri wkh lqglhuhqfh fxuyh
wkurxjk frpprglw| vsdfh dqg khqfh wkh erxqgv rq wkh wuxh lqgh{ duh zlgh1 Krz0
hyhu/ e| wkh xvh ri h{sdqvlrq sdwkv zh fdq gudpdwlfdoo| lpsuryh wkhvh erxqgv1
Dowkrxjk qhlwkhu lqgh{ lv edvh shulrg xwlolw| uhihuhqfhg4:/ lq sudfwlfh erwk wkh
4:





Iljxuh 718= JDUS erxqgv/ wkh Sddvfkh dqg Odvsh|uhv lqglfhv/ 4<:7 wr 4<<61
Wøuqtylvw lqgh{/ Ilvkhu*v lqgh{ dqg wkh Glylvld shuirup zhoo lq dssur{lpdwlqj
wkh wuxh lqgh{1 Iljxuh 718 looxvwudwhv wkh Sddvfkh dqg Odvsh|uhv lqglfhv dqg wkh
JDUS erxqgv1 Wkh JDUS erxqgv ghulyhg xvlqj wkh phwkrgv ghvfulehg duh jlyhq
e| wkh gdvkhg olqhv1 Iljxuh 719 looxvwudwhv wkh JDUS erxqgv dqg wkh Ohuqhu dqg
Sroodn qrqsdudphwulf erxqgv1 Wkh Ohuqhu erxqgv duh wkh rxwhu vrolg olqhv/ wkh
Sroodn orzhu erxqg lv wkh vdph dqg wkh Ohuqhu orzhu erxqg/ wkh xsshu erxqg
lv wkh orzhu ri wkh wzr vrolg olqhv deryh wkh JDUS erxqgv1 Wklv fruuhvsrqgv
h{dfwo| wr wkh Odvsh|uhv lqgh{1 Iljxuh 71: looxvwudwhv wkh fodvvlfdo US erxqgv ri
wkh w|sh fdofxodwhg e| Yduldq +4<;5, dqg wkh JDUS erxqgv1
Iljxuhv 71; wr 7144 vkrz lqglfhv iurp wdeohv 717 dqg 718 h{suhvvhg dv sursur0
wlrqdo glhuhqfhv iurp wkh fhqwuh ri wkh JDUS erxqgv1 Iurp wkhvh zh fdq vhh
wkdw wkh JDUS erxqgv uhsuhvhqw dssur{lpdwho| 	5( ri wkh ohyho ri wkh fhqwuh
ri wkh erxqgv e| 4<<61 Wkh Sddvfkh dqg Odvsh|uhv lqglfhv xqghu0 dqg ryhu0vwdwh
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Iljxuh 719= Ohuqhu dqg Sroodn erxqgv dqg JDUS erxqgv/ 4<:7 wr 4<<61
Iljxuh 71:= Fodvvlfdo US erxqgv dqg JDUS erxqgv/ 4<:7 wr 4<<61
7:
wkh wuxh lqgh{ e| 8( dqg 7( ri wkh ohyho e| 4<<61 Hyhq wkrxjk wkh| duh qrw
.e0uhihuhqfhg/ wkh fkdlqhg Glylvld dqg wkh Wøuqtylvw lqglfhv jlyh jrrg gh idfwr
dssur{lpdwlrqv wr wkh wuxh lqgh{1 Wkh lpsuryhphqw wr wkh suhylrxvo| dydlodeoh
qrqsdudphwulf erxqgv zklfk rxu surfhgxuh jlyhv lv kljkoljkwhg lq jxuh 7144
zklfk vkrzv wkdw wkh orzhu fodvvlfdo US erxqg fdswxuh rqo| :3( ri wkh lqfuhdvh
lq wkh wuxh frvw ri olylqj ryhu wkh shulrg1
Iljxuh 71;= JDUS erxqgv/ Sddvfkh dqg Odvsh|uhv lqglfhv> sursruwlrqdo glhuhqfh
iurp wkh fhqwuh ri wkh JDUS erxqgv/ 4<:8 wr 4<<61
Wkh frvw ri olylqj lqglfhv vr idu suhvhqwhg zhuh edvhg rq wkh xwlolw| ohyho
dvvrfldwhg zlwk phgldq 4<:7 wrwdo rxwod| +wkh uhmhfwlrq ehwzhhq 4<;8 dqg 4<;9
zdv ryhufrph e| xwlolvlqj wkh frqglwlrqlqj surfhgxuh ghvfulehg lq vhfwlrq 518,1
Zh fdq ehjlq wr lqyhvwljdwh wkh glvwulexwlrqdo hhfwv ri sulfh fkdqjhv e| dsso|lqj
wkh vdph surfhgxuh wr glhuhqw srlqwv lq wkh wrwdo rxwod| glvwulexwlrq1 Iljxuh 7145
vkrzv wkh JDUS erxqgv rq wkh wuxh frvw ri olylqj lqgh{ zklfk frpsduhv 4<;8
7;
Iljxuh 71<= JDUS erxqgv/ fkdlqhg dqg xqfkdlqhg Wøuqtylvw lqglfhv> sursruwlrqdo
glhuhqfh iurp wkh fhqwuh ri wkh JDUS erxqgv/ 4<:8 wr 4<<61
Iljxuh 7143= JDUS erxqgv/ fkdlqhg dqg xqfkdlqhg Glylvld lqglfhv> sursruwlrqdo
glhuhqfh iurp wkh fhqwuh ri wkh JDUS erxqgv/ 4<:8 wr 4<<61
7<
Iljxuh 7144= JDUS dqg Fodvvlfdo US erxqgv> sursruwlrqdo glhuhqfh iurp wkh
fhqwuh ri wkh JDUS erxqgv/ 4<:8 wr 4<<61
dqg 4<:7/ iru wkh 43wk dqg wkh <3wk shufhqwloh srlqwv ri wkh 4<:7 wrwdo rxwod|
glvwulexwlrq +dv wdeoh 715 vkrzhg/ wklv lv wkh orqjhvw shulrg ryhu zklfk zh fdq
erxqg frkhuhqw lqglhuhqfh fxuyh iru erwk ri wkhvh vwduwlqj srlqwv zlwkrxw xvlqj
yluwxdo sulfhv,1 Wkh erxqgv iru 43wk dqg <3wk shufhqwloh srlqwv gr qrw ryhuods
dqg lqglfdwh juhdwhu ulvh rq wkh frvw ri olylqj iru srruhu/ frpsduhg wr ulfkhu/
krxvhkrogv ryhu wklv shulrg shulrg1
81 Vxppdu| dqg Frqfoxvlrq
Lq wklv sdshu zh kdyh dssolhg qrqsdudphwulf ghpdqg wkhru| wr wkh qrqsdud0
phwulf vwdwlvwlfdo dqdo|vlv ri frqvxphu ghpdqg1 Zh h{sorlw wkh lghd wkdw sulfh
wdnlqj lqglylgxdov lq wkh vdph pdunhw idfh wkh vdph uhodwlyh sulfhv/ lq rughu wr
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Iljxuh 7145= JDUS Frvw ri olylqj lqgh{ erxqgv 4<;8 e| shufhqwloh srlqw/
4<:7@43331
vprrwk dfurvv wkh ghpdqgv ri lqglylgxdov iru hdfk frpprq sulfh uhjlph1 Zh vkrz
krz wklv surylghv d frqyhqwlrqdo vwrfkdvwlf vwuxfwxuh zlwklq zklfk wr h{dplqh wkh
frqvlvwhqf| ri lqglylgxdo gdwd dqg uhyhdohg suhihuhqfh wkhru|1 Zh dovr suhvhqwv d
phwkrg ri pd{lplvlqj wkh srzhu ri wkhvh whvwv ri uhyhdohg suhihuhqfh1 Zh kdyh
glvfxvvhg wkh zd| lq zklfk zh pljkw doorz iru wdvwh fkdqjhv iru d jrrg iurp
zklfk wkh rwkhu jrrgv duh qrw vhsdudeoh1 Zh dovr suhvhqw dojrulwkpv zklfk doorz
xv wr sodfh erxqgv rq ohyho vhwv ri xwlolw| lq frpprglw| vsdfh1 Wklv doorzv wkh
fdofxodwlrqv ri lpsuryhg erxqgv rq wuxh frvw0ri0olylqj lqglfhv1 Wkh khwhurjhqhlw|
frqglwlrqv iru fduu|lqj rxw erwk srvlwlyh dqg zhoiduh dqdo|vlv zhuh dovr glvfxvvhg1
Xvlqj d orqj wlph vhulhv ri uhshdwhg furvv0vhfwlrqv iurp wkh 4<:704<<6 Eulwlvk
Idplo| H{shqglwxuh Vxuyh|v zh zhuh deoh wr h{dplqh zkhwkhu uhyhdohg suhihu0
hqfh wkhru| lv uhmhfwhg1 Zh vkrz wkdw JDUS lv qrw uhmhfwhg iru orqj shulrgv/
sduwlfxoduo| zkhq zh doorz iru vdpsolqj2vwrfkdvwlf yduldwlrq1 Doorzlqj iru wdvwh
84
fkdqjhv lq wredffr lq rqh |hdu lv vkrzq wr uhgxfh wkh qxpehu ri wkh uhmhfwlrqv
ixuwkhu1 Zh dovr vkrz wkdw zh fdq ghulyh erxqgv rq frvw ri olylqj lqglfhv iurp rxu
dqdo|vlv zklfk dsshdu wr eh pxfk wljkwhu wkdq wkrvh edvhg rq wkh uhyhdohg suhihu0
hqfh uhvwulfwlrqv lpsolhg e| ghpdqgv dw/ vd|/ dqqxdo phdq wrwdo h{shqglwxuh1 Zh
dovr qrwh wkdw/ +ghvslwh wkh idfw wkdw qhlwkhu ri wkhvh lqglfhv duh wkhpvhoyhv edvh
shulrg uhihuhqfhg, wkh Wøuqtylvw dqg wkh fkdlqhg Glylvld lqglfhv shuirup zhoo dv




Wkh 55 frpprglw| jurxsv duh ghqhg dv
Wdeoh D14= Frpprglw| ghqlwlrqv
Frpprglw| Jurxs
Ehhu Ehhu/ rq dqg r olfhqfh vdohv1
Zlqh Zlqh/ rq dqg r olfhqfh vdohv1
Vslulwv Vslulwv/ rq dqg r olfhqfh vdohv1
Phdw Doo phdw ) vk
Gdlu| Doo gldu| surgxfwv/ rlov dqg idwv1
Yhjhwdeohv Iuhvk/ wlqqhg dqg gulhg yhjhwdeohv ) iuxlw1
Euhdg Euhdg/  rxu/ ulfh ) fhuhdov1
Rwkhu irrgv Whd/ frhh/ gulqnv/ vxjdu/ mdpv ) vzhhwv1
Irrg frqvxphg rxwvlgh wkh krph Uhvwdxudqw ) fdqwhhq phdov1
Hohfwulflw| Dffrxqw ) vorw phwhu sd|phqwv1
Jdv Dffrxqw ) vorw phwhu sd|phqwv1
Dgxow forwklqj Dgxow forwklqj
Fkloguhq*v forwklqj dqg irrwzhdu Fkloguhq*v forwklqj ) irrwzhdu
Krxvhkrog vhuylfhv Srvw/ skrqh/ grphvwlf vhuylfhv ) ihhv1
Shuvrqdo jrrgv dqg vhuylfhv Shuvrqdo ) fkhplvw*v jrrgv ) vhuylfhv1
Ohlvxuh jrrgv Uhfrugv/ FG*v/ wr|v/ errnv ) jdughqlqj1
Hqwhuwdlqphqw Hqwhuwdlqphqw1
Ohlvxuh vhuylfhv WY olfhqfhv ) uhqwdov1
Iduhv Udlo/ exv ) rwkhu iduhv1
Prwrulqj Pdlqwhqdqfh/ wd{ ) lqvxudqfh1
Shwuro Shwuro ) rlo
Wredffr Fljduhwwhv/ slsh wredffr ) fljduv1
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Wdeoh D15= Wrwdo qrplqdo h{shqglwxuh= Dqqxdo ghvfulswlyh vwdwlvwlfv1
\hdu Qr1 ri Rev Phdq Vwg Ghy1 43( 83( <3(
4<:7 5973 68144 48188 4<133 641<: 87153
4<:8 5;5; 741<5 4;14; 551;3 6;178 97193
4<:9 5:;3 7:13< 53184 58194 751<8 :6154
4<:: 5;87 87168 57164 5<1<7 7<187 ;8157
4<:; 5:84 8<18< 5814: 651<9 871<5 <31<:
4<:< 59<; :3156 64194 6:15< 97134 43<187
4<;3 5;;8 ;51<7 691:8 77193 :914: 45;194
4<;4 6444 <3195 7418: 7<186 ;5136 475174
4<;5 6334 <9193 75194 851:; ;:1<7 484169
4<;6 5;<; 43819< 7<138 89187 <81:4 4991<6
4<;7 5;96 444136 861:8 8;166 <<133 4:81;4
4<;8 5<48 44;193 8:186 9317< 43918; 4<31<7
4<;9 5<4; 459175 94196 97177 4441<9 539156
4<;: 6393 469156 9;168 9:1:7 4531<7 558175
4<;; 6485 47:1;9 :9177 :4143 4631:5 574156
4<;< 6575 48:177 :;1<; :;15< 473197 5881:;
4<<3 5<9; 4:7184 <513: ;7198 487174 5;915<
4<<4 63;; 4;6145 <715: <3185 4951<7 6331;8
4<<5 654: 4;;16: ;;13; <8168 4:316< 634153
4<<6 63:; 535197 43:177 <<16: 4::18: 6661;6
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E1 Txdqwlw| djdlqvw orj Wrwdo Qrplqdo H{shqglwxuh iru hdfk
frpprglw| jurxs> 4<:8/ 4<;3 dqg 4<;81
Wkhvh jxuhv vkrz dgdswlyh nhuqho hvwlpdwhv ri wkh uhodwlrqvkls ehwzhhq txdqwlw|
ghpdqghg iru hdfk jrrg dqg wkh orj ri wrwdo qrplqdo krxvhkrog h{shqglwxuh rq
doo jrrgv iru wkuhh |hduv ri wkh gdwd> 4<:8/ 4<;3 dqg 4<;81 Hdfk nhuqho uhjuhvvlrq
kdv wkh shufhqwloh +4vw/ 43wk/ 58wk/ 83wk/ :8/ <3wk/ <<wk, fkurqrorjlfdo VPS sdwk






^4‘ Diuldw/ V1Q1 +4<:6,/Rq d V|vwhp ri Lqhtxdolwlhv lq Ghpdqg Dqdo|vlv= Dq
H{whqvlrq ri wkh Fodvvlfdo Phwkrg/ Lqwhuqdwlrqdo Hfrqrplf Uhylhz/ 47/ 7930
7:51
^5‘ Diuldw/ V1Q1 +4<::,/ Wkh Sulfh Lqgh{/ Orqgrq/ Fdpeulgjh Xqlyhuvlw| Suhvv1
^6‘ Dwnlqvrq/ D1E1/ M1 Jrpxond/ dqg Q1 K1 Vwhuq +4<<3,/Vshqglqj rq Dofrkro=
Hylghqfh iurp wkh Idplo| H{shqglwxuh Vxuyh| 4<:304<;6/ Hfrqrplf Mrxu0
qdo/ 433/ ;3;0;5:1
^7‘ Edqnv/ M1 Eoxqghoo/ U1Z1 dqg Ohzeho/ D1 +4<<:,/ Txdgudwlf Hqjho Fxuyhv/
Lqgluhfw Wd{ Uhirup dqg Zhoiduh Phdvxuhphqw/ Uhylhz ri Hfrqrplfv dqg
Vwdwlvwlfv/ O[[L[/ 7/ 85:086<1
^8‘ Elhuhqv/ K1M1 dqg Srww0Exwhu K1D1 +4<<3, Vshflfdwlrq ri krxvhkrog Hqjho
fxuyhv e| qrqsdudphwulf uhjuhvvlrq/ Hfrqrphwulf Uhylhzv/ </ 45604;71
^9‘ Eoxqghoo/ U1 Z1/ +4<;;,/ Frqvxphu Ehkdylrxu= Wkhru| dqg Hpslulfdo Hyl0
ghqfh/ Hfrqrplf Mrxuqdo/ <;/ 490981
^:‘ Eoxqghoo/ U1 dqg Gxqfdq/ D1 +4<<;, Nhuqho Uhjuhvvlrq lq Hpslulfdo Plfurh0
frqrplfv Mrxuqdo ri Kxpdq Uhvrxufhv/ 66/ 950;:1
^;‘ Eoxqghoo/ U1 Gxqfdq/ D1 dqg Shqgdnxu/ N1+4<<;,/ Vhplsdudphwulf Hvwlpd0
wlrq dqg Frqvxphu Ghpdqg/ Mrxuqdo ri Dssolhg Hfrqrphwulfv/ iruwkfrplqj1
^<‘ Eoxqghoo/ U1 Z1/ Sdvkdughv/ S1 dqg Zhehu/ J1 +4<<6,/ Zkdw gr zh ohduq
derxw frqvxphu ghpdqg sdwwhuqv iurp plfur0gdwdB/ Dphulfdq Hfrqrplf
Uhylhz/ Mxqh1
^43‘ Eurqduv/ V1J1 +4<<8,/Wkh Srzhu ri Qrqsdudphwulf Whvwv ri Suhihuhqfh Pd{0
lplvdwlrq/ Hfrqrphwulfd/ 88/ 9<609<;1
8<
^44‘ Eurzq/ G1M1 dqg Pdw}nlq/ U1O1 +4<<8,/Hvwlpdwlrq ri qrqsdudphwulf ixqf0
wlrqv lq vlpxowdqhrxv prghov zlwk dq dssolfdwlrq wr frqvxphu ghpdqg/
plphr/ Qruwkzhvwhuq Xqlyhuvlw|1
^45‘ Eurzq/ E1Z1 dqg Zdonhu/ P1E1/ +4<;<,/ Wkh udqgrp xwlolw| k|srwkvhlv dqg
lqihuhqfh lq ghpdqg v|vwhpv Hfrqrphwulfd/ 8:/ ;480;5<1
^46‘ Eurzqlqj/ P1M1 dqgPhjklu/ F1 +4<<4,/ Wkh hhfwv ri pdoh dqg ihpdoh oderxu
vxsso| rq frpprglw| ghpdqgv/ Hfrqrphwulfd/ 8</ <580<841
^47‘ Ghdwrq D1 V1 dqg M1 Pxhooedxhu +4<;3,/Dq Doprvw Lghdo Ghpdqg V|vwhp/
Dphulfdq Hfrqrplf Uhylhz/ :3/ 6450691
^48‘ Glhzhuw/ Z1H1 +4<:6,/ Diuldw dqg Uhyhdohg Suhihuhqfh Wkhru|/ Uhylhz ri
Hfrqrplf Vwxglhv/ 73/ 74<07591
^49‘ Glhzhuw/ Z1H1 +4<:9,/ H{dfw dqg Vxshuodwlyh Lqgh{ Qxpehuv/ Mrxuqdo ri
Hfrqrphwulfv/ 7/ 44804781
^4:‘ Glhzhuw/ Z1H1 +4<;4,/ Wkh Hfrqrplf Wkhru| ri Lqgh{ Qxpehuv/ lq Hv0
vd|v lq wkh Wkhru| dqg Phdvxuhphqw ri Frqvxphu Ehkdylrxu lq Krqrxu ri
Vlu Ulfkdug Vwrqh/ hg1 e| Dqjxv Ghdwrq/ Fdpeulgjh= Fdpeulgjh Xqlyhuvlw|
Suhvv1
^4;‘ Glhzhuw/ Z1H1 dqg Sdunlq/ F1 +4<;8,/ Whvwv iru wkh Frqvlvwhqf| ri Frqvxphu
Gdwd/ Mrxuqdo ri Hfrqrphwulfv/ 63/ 45:047;1
^4<‘ Gxqfdq/ D1 V1 dqg Mrqhv/ D1 V1 +4<<5,/ QS0UHJ= Dq Lqwhudfwlyh Sdfndjh
iru Nhuqho Ghqvlw| Hvwlpdwlrq dqg Qrq0Sdudphwulf Uhjuhvvlrq/ LIVZrunlqj
Sdshu Z<523:1
^53‘ Idpxodul/ P1 +4<<8,/D Krxvhkrog0edvhg/ Qrqsdudphwulf Whvw ri Ghpdqg
Wkhru|/ Uhylhz ri Hfrqrplfv dqg Vwdwlvwlfv/ ::/ 6:506;51
^54‘ Idq/ M1 +4<<5,/Ghvljq Dgdswlyh Qrqsdudphwulf Uhjuhvvlrq/ Mrxuqdo ri wkh
Dphulfdq Vwdwlvwlfdo Dvvrfldwlrq/ ;:/ <<;043371
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^55‘ Ilvkhu/ I1P1 dqg N1 Vkhoo +4<:4/ Wdvwh dqg Txdolw| Fkdqjh lq wkh Sxuh
Wkhru| ri wkh Wuxh Frvw ri Olylqj Lqgh{ lq ]1 Julolfkhv +hg, Sulfh Lqgh{hv
dqg Txdolw| Fkdqjh= Vwxglhv lq Qhz Phwkrgv ri Phdvxuhphqw/ Kduydug Xql0
yhuvlw| Suhvv/ Fdpeulgjh/ P1D1
^56‘ Jrupdq/ Z1 P1 +4<86,/ Frppxqlw| Suhihuhqfh Ilhogv/ Hfrqrphwulfd/ 54/
960;3
^57‘ Jrupdq/ Z1 P1 +4<;4,/ Vrph Hqjho Fxuyhv/ lq Hvvd|v lq wkh Wkhru| dqg
Phdvxuhphqw ri Frqvxphu Ehkdylrxu lq Krqrxu ri Vlu Ulfkdug Vwrqh/ hg1
e| Dqjxv Ghdwrq/ Fdpeulgjh= Fdpeulgjh Xqlyhuvlw| Suhvv1
^58‘ Judqgprqw/ M1P1 +4<<5,/ Wudqvirupdwlrq ri wkh Frpprglw| Vsdfh/ Ehkdy0
lrudo Khwhurjhqhlw|/ dqg wkh Djjuhjdwlrq Sureohp/ Mrxuqdo ri Hfrqrplf
Wkhru|/ 8:/ 40681
^59‘ Kçugoh Z1 dqg Mhulvrq/ P1 +4<;;,/ Wkh Hyroxwlrq ri Hqjho Fxuyhv ryhu
wlph/ Glvfxvvlrq sdshu qr1 D04:;1 VIE 636/ Xqlyhuvlw| ri Erqq1
^5:‘ Kçugoh Z1 +4<<3,Dssolhg Qrqsdudphwulf Uhjuhvvlrq/ Fdpeulgjh= Fdpeulgjh
Xqlyhuvlw| Suhvv1
^5;‘ Kçugoh Z1 dqg Olqwrq/ R1 +4<<8,/ Qrqsdudphwulf Uhjuhvvlrq dqdo|vlv lq
Hqjoh dqg PfIdgghq/ Kdqgerrn ri Hfrqrphwulfv Yro LY/ Qruwk0Kroodqg1
^5<‘ Kçugoh Z1 dqg Pduurq M1 +4<<3,/ vhplsdudphwulf Frpsdulvrq ri Uhjuhvvlrq
Fxuyhv/ Dqqdo ri Vwdwlvwlfv1
^63‘ Kdxvpdq/ M1 D1/ Z1 N1 Qhzh|/ K1 Lfklpxud/ dqg M1 O1 Srzhoo +4<<4,/ Lghqwl0
fdwlrq dqg Hvwlpdwlrq ri Sro|qrpldo Huuruv lq Yduldeohv Prghov/ Mrxuqdo
ri Hfrqrphwulfv/ 83/ 5:605<91
^64‘ Kdxvpdq/ M1D1 dqg Qhzh|/ Z1N1 +4<<8,/ Qrqsdudphwulf Hvwlpdwlrq ri H{0
dfw Frqvxphu Vxusoxv dqg Ghdgzhljkw Orvv/ Hfrqrphwulfd 96/ 4778047:91
^65‘ Khfnpdq/ M1M1 +4<:7,/ Hhfw ri Fklog0Fduh Surjudpv rq Zrphq*v Zrun
Hruw/ Mrxuqdo ri Srolwlfdo Hfrqrp|1
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^66‘ Kloghqeudqg/ Z1 +4<<7,/ Pdunhw Ghpdqg= Wkhru| dqg Hpslulfdo Hylghqfh/
Sulqfhwrq= Sulqfhwrq Xqlyhuvlw| Suhvv1
^67‘ Kroo|/ D1 +4<;5,/ D Uhpdun rq Kdxvpdq*v Vshflfdwlrq Whvw/ Hfrqrphw0
ulfd/ 83= :7<08<1
^68‘ Krzh/K1/ U1D/Sroodn/ dqg W1M1Zdohv +4<:<, Wkhru| dqg Wlph Vhulhv Hvwl0
pdwlrq ri wkh Txdgudwlf H{shqglwxuh V|vwhp/ Hfrqrphwulfd/ 7:/ 45640457;1
^69‘ Mrujhqvrq/G1Z1/ O1M1Odx/ dqg W1P1Vwrnhu +4<;5,/Wkh Wudqvhqghqwdo Orjd0
ulwkplf Prgho ri Djjuhjdwh Frqvxphu Ehkdylru/ lq Dgydqfhv lq Hfrqrphw0
ulfv/ Yro4/ hg1 e| U1 Edvpdqq dqg J1 Ukrghv/ Juhhqzlfk/ Frqqhfwlfxw= MDL
Suhvv1
^6:‘ Nrqÿv/ D1 D1 +4<57,/ Wkh Sureohp ri wkh Wuxh Lqgh{ ri wkh Frvw ri Olylqj/
uhsulqwhg lq Hfrqrphwulfd/ :/ 4305<1
^6;‘ Nrr/ D1\1F1 +4<96,/Dq Hpslulfdo Whvw ri Uhyhdohg Suhihuhqfh Wkhru|/
Hfrqrphwulfd/ 64/ 97909971
^6<‘ Ohuqhu/ D1S1 +4<68069,/ D Qrwh rq wkh Wkhru| ri Sulfh Lqgh{ Qxpehuv/
Uhylhz ri Hfrqrplf Vwxglhv/ 6/ 830891
^73‘ Ohvhu/ F1 H1 Y1 +4<96,/ Irupv ri Hqjho Ixqfwlrqv/ Hfrqrphwulfd/ 64/ 9<70
:361
^74‘ Ohzeho/ D1 +4<<4,/ Wkh udqn ri ghpdqg v|vwhpv= wkhru| dqg qrqsdudphwulf
hvwlpdwlrq/ Hfrqrphwulfd/ 8</ :440:631
^75‘ Ohzeho/ D +4<<9,/  Ghpdqg v|vwhpv zlwk dqg zwkrxw huuruv= uhfrqflolqj
hfrqrphwulf/ udqgrp xwlolw| dqg jdus prghov/ plphr/ Eudqghlv Xqlyhuvlw|/
Vshwhpehu 4<<91
^76‘ Pdqvhu/ P1H1 dqg PfGrqdog/ U1M1 +4<;;,/Dq Dqdo|vlv ri Vxevwlwxwlrq Eldv
lq Phdvxulqj Lq dwlrq/ 4<8<04<;8/ Hfrqrphwulfd/ 89/ <3<0<631
^77‘ Pdwwlh/ D1 +4<<7,/Od Frkhuhqfh ghv Fkrl{ ghv Frvrppdwhxuv Vxlvvhv/ Uh0
yxh Vxlvvh g*Hfrqrplh Srolwltxh hw gh Vwdwlvwltxh/ 463/ 60531
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^78‘ PfHour|/ P1E1 +4<;:,/ Dgglwlyh Jhqhudo Huuru Prghov iru Surgxfwlrq/ Frvw
dqg Ghulyhg Ghpdqg ru Vkduh Htxdwlrqv Mrxuqdo ri Srolwlfdo Hfrqrp|/ <8/
:6:0:8:1
^79‘ Prvvvlq/ D1 +4<:5,/DPhdq Ghpdqg Ixqfwlrq dqg Lqglylgxdo Ghpdqg Ixqf0
wlrqv Frqiurqwhg zlwk wkh Zhdn dqg Vwurqj D{lrpv ri Uhyhdohg Suhihuhqfh/
Hfrqrphwulfd/ 73/ 4::04<51
^7:‘ Pxhooedxhu/ M1 +4<:8,/ Wkh Frvw ri Olylqj dqg Wdvwh dqg Txdolw| Fkdqjh/
Mrxuqdo ri Hfrqrplf Wkhru|/ 43/ 59<05;61
^7;‘ Pxhooedxhu/ M1 +4<:9,/ Frppxqlw| Suhihuhqfhv dqg wkh Uhsuhvhqwdwlyh Frq0
vxphu/ Hfrqrphwulfd/ 77/ ss185808761
^7<‘ Shqgdnxu/ N1 +4<<:,/ Vhplsdudphwulf Hvwlpdwhv dqg Whvwv ri Edvh0
Lqghshqghqw Htxlydohqfh Vfdohv/ Plphr1 Vlprq Iudvhu Xqlyhuvlw|1
^83‘ Slqvnh/ F1 dqg Urelqvrq/ S1 +4<<8,/ Srrolqj Qrqsdudphwulf Hvwlpdwhv ri
Uhjuhvvlrq Ixqfwlrqv zlwk d Vlplodu Vkdsh/ Dgydqfhv lq Hfrqrphwulfv dqg
Txdqwdwlyh Hfrqrplfv/ hgv1 J1 Pdggdod/ S1 Skloolsv dqg W1Q1 Vulqlylvdq/
4:504<81
^84‘ Sroodn/U1D1 +4<:4,/ Wkh Wkhru| ri wkh Frv| ri Olylqj Lqgh{/ Uhvhdufk
Glvfxvvlrq Sdshu Qr1 44/ Exuhdx ri Oderu Vwdwlvwlfv/ Zdvklqjwrq/ G1F1
^85‘ Sudlv/ V1M1 dqg Krxwkdnnhu K1V1 +4<88,/ Wkh Dqdo|vlv ri Idplo| Exgjhwv/
Fdpeulgjh= Fdpeulgjh Xqlyhuvlw| Suhvv1
^86‘ Urelqvrq/ S1P1 +4<;;,/ Urrw q0frqvlvwhqw vhplsdudphwulf uhjuhvvlrq/
Hfrqrphwulfd/ 89/ <640<871
^87‘ Uxvvhoo/ U1U1 +4<<5,/Uhpdunv rq wkh Srzhu ri Qrqsdudphwulf whvwv ri
Frqvxphu0Wkhru| K|srwkhvhv/ lq O1 Skolsv dqg O1G1Wd|oru +hgv,/ Djjuh0
jdwlrq/ Frqvxpswlrq dqg Wudgh/ Gruguhfkw= Noxzhu Dfdghplf Sxeolvkhv/
45404681
^88‘ Vloyhupdq/ E1Z1 +4<;9,/ Ghqvlw| Hvwlpdwlrq iru Vdwdwlvwlfv dqg Gdwd Dqdo|0
vlv/ Orqgrq= Fkdspdq dqg Kdoo1
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^89‘ Vlssho/ U1 +4<<:,/ Dq H{shulphqw rq wkh Sxuh Wkhru| ri Frqvxphu*v Eh0
kdylrxu/ Hfrqrplf Mrxuqdo/ Vhswhpehu1
^8:‘ Yduldq/ K1+4<;5,/ Wkh Qrqsdudphwulf Dssurdfk wr Ghpdqg Dqdo|vlv /
Hfrqrphwulfd/ 83/ <780<:71
^8;‘ Yduldq/ K1+4<;6,/ Qrqsdudphwulf Whvwv ri Frqvxphu Ehkdylrxu/ Uhylhz ri
Hfrqrplf Vwxglhv/ <<04431
^8<‘ Yduldq/ K1+4<;9,/ Qrqsdudphwulf Dqdo|vlv ri Rswlpl}lqj Ehkdylru zlwk
Phdvxuhphqw Huuru/ Mrxuqdo ri Hfrqrphwulfv63/ 778078<1
^93‘ Zrunlqj/ K1/ +4<76,/ Vwdwlvwlfdo Odzv ri Idplo| H{shqglwxuh/ Mrxuqdo ri
wkh Dphulfdq Vwdwlvwlfdo Dvvrfldwlrq/ 6;/ 760891
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